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FOREWORD 
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directing this effort for the NASA/Ames Research Center. 

The program was performed by the Environmental Control and Life 
Support (ECLS) Department of the Systems Engineering and Integration 
Division of TRW Systems. M r .  A. P. Shlosinger, Head of the ECLS 
Research Section, was the Principal Investigator and Program Manager. 
Valuable contributions in the performance of this program were made 
by Messrs. Edgar,F. Jacobi, L. G. Neal, D. J. Wanous, Members of 
the Technical Staff; Godfrey Hwa, Engineer and Research Specialist; 
G. B. Patchell and R. G. Simko, Laboratory Technicians. 
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Nonmetallic Materials Section of the Materials and Processes 
Department. MeFsr. H. M. Gonzales, Member of the Technical Staff, 
and John C. Kimerly, Senior Materials and Processes Technician of 
the Nonmetallic Materials Section made major contributions 
to the successful performance of this program. 
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STUDY OF PASSIVE TEMPERATURF: AND HUMIDITY CONTROL 
SYSTEMS FOR ADVANCED SPACE SUITS 

Arnold P . Shlo s inge r 

SUMMARY 

Investigations were performed t o  develop techniques f o r  control  
of temperature i n  an extravehicular space s u i t  by passive means. These 
techniques a r e  intended t o  be integrated with techniques f o r  passive 
control  of humidity i n  space su i t s ,  investigated previously under 
contract  NAS2 - 2102.. 

The techniques investigated a r e  based on the use of the external  
s u i t  surface as thermal radiator  f o r  re jec t ion  of excess metabolic 
heat and on a space s u i t  s h e l l  of  control lable  overa l l  thermal con- 
ductance. The control lable  thermal conductance i s  achieved by a 
system of thermal insulat ion which i s  bypassed by devices similar 
t o  "Heat Pipes", modified t o  provide controllable heat flow r a t e s  and 
geometries applicable t o  a space s u i t .  

Theoretical and experimental invest igat ions demonstrated 
f e a s i b i l i t y  of the  concept of a var iable  thermal conductance heat pipe.  
Concepts f o r  the integrat ion of a variable thermal conductance heat 
pipe i n t o  the f iberg lass  s h e l l  of a hard space s u i t  were developed and 
fabr ica t ion  techniques generated. Details of fabr ica t ion  processes a r e  
discussed i n  a separate report ,  "Materials Research Report-First Year", 
TRW Systems N o .  06462-6003-RO00, September, 1967 prepared under the  
same contract,  and a r e  only b r i e f l y  summarized i n  t h i s  report .  
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INTRODUCTION 

Background 

The subject  of t h e  study program covered by t h i s  repor t  i s  the  
demonstration of f e a s i b i l i t y  and development of techniques f o r  passive 
cont ro l  of temperature i n  extra vehicular space s u i t s .  These 
a c t i v i t i e s  were intended t o  continue research previously performed 
under contract  NAS2-2102, which demonstrated f e a s i b i l i t y  of passive 
cont ro l  of humidity i n  space s u i t s  (Ref. 1). Both techniques will 
eventually be in te rgra ted  i n t o  a Passive Temperature and Humidity 
Control System f o r  Space Su i t s .  

Present concepts of ex t r a  vehicular space s u i t s  rely f o r  body 
temperature and humidity control  on forced closed loop c i r cu la t ion  
of a l i q u i d  and/or a vent i la t ing  gas. 
by cont ro l  of temperature and humidity of t he  c i r cu la t ing  f l u i d s  by 
means of a water evaporator or sublimation p l a t e s ,  located i n  a back 
pack. 
suit  surface area are not used for temperature cont ro l  by rad ia t ion  
t o  space. In  f ac t ,  t he  man's body must be thermally well  insulated 
from the  outer  s u i t  surface.  This i s  necessary because of extreme 
temperature gradients  which e x i s t  between the  so l a r  i r r ad ia t ed  and 
non-irradiated a reas  of t he  outer s u i t  surface and because of 
va r i a t ion  i n  r ad ia t ive  heat inputs i n t o  the  ex terna l  s u i t  surface, 
r e su l t i ng  from changes i n  the  a t t i t ude  of the  astronaut  r e l a t i v e  t o  
the  sun or other  radiant  heat  sources, or from shadowing of t h e  
astronaut  by planetary bodies. 

Heat r e j ec t ion  i s  accomplished 

The approximate 2.5 t o  3 m2 (25 t o  30 square f e e t )  of ex terna l  

The thought of using the  external s u i t  surface f o r  rad ia t ive  
r e j ec t ion  of heat  has ex is ted  f o r  considerable time. K. R. Cramer 
and T. F. I rvine,  Jr. ( R e f .  2, 3, and 4) performed thermo-analytical 
inves t iga t ions  of an astronaut  i n  ea r th  o r b i t .  
t h e  need f o r  la te ra l .  temperature equal izat ion on the  external space 
suit  surface and f o r  control led var ia t ions  of the  heat  flow from t h e  
man's skin t o  the  space s u i t  external  surface.  

The study demonstrated 

The use of t he  ex terna l  s u i t  surface as a thermal r ad ia to r  i s  
highly a t t r a c t i v e .  
heat,  which requires  disposal .  Evaporative cooling, according t o  
present concepts, incurs  a s igni f icant  weight penalty f o r  water, which 
i s  boi led off  or sublimated t o  space vacuum. Power i s  required f o r  
forced c i r cu la t ion  of heat t ransport  f l u i d s .  If radiant  heat emission 
from the  ex terna l  s u i t  surface can be used t o  r e j e c t  a major f r ac t ion  
of t he  metabolic heat  and a means i s  found t o  t ranspor t  heat  from the  

Man i s  a generator of s ign i f i can t  amounts of body 
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m a n ' s  skin t o  the  outer  s u i t  surface without power penalty, savings i n  
weight f o r  water and b a t t e r i e s  w i l l  be accomplished. 
time ex t r a  vehicular  a c t i v i t i e s  (E.  V. A , )  such as lunar surface 
research or o r b i t a l  assembly, these savings can be expected t o  be 
s ign i f i can t  . 

For extended 

Application of the  ex terna l  s u i t  surface as thermal r ad ia to r  w i l l  
require  so lu t ions  t o  two problems: 

0 A means must be found t o  provide a high r a t e  of heat 
d i f fus ion  laterally over the  ex terna l  surface of t he  
space s u i t  i n  order t o  reduce temperature gradients  
which would otherwise e x i s t  between s o l a r  i r r ad ia t ed  
and non-irradiated space s u i t  surfaces .  

0 A means must be found t o  vary the  e f f ec t ive  thermal 
conductance between the astronauts  skin and the  
o u t e r ' s u i t  surface in  order t o  permit adaption t o  
var ia t ions  i n  metabolic heat production and changes 
i n  the  ex terna l  radiat ion environment. 

A concept f o r  passive control  of the  temperature ins ide  a space 
s u i t  was generated. In accordance with ins t ruc t ions  received from the  
NASA-Ames Research Center, t h i s  concept w a s  d i rec ted  towards appl ica t ion  
t o  a hardshel l ,  constat-volume-joint,  space s u i t .  The bas ic  con- 
s t ruc t ion  of t he  space s u i t  s h e l l  w a s  s t i pu la t ed  t o  be a reinforced 
f ibe rg la s s  s t ruc tu re  as shown i n  Figure 1. The in t e rna l  reinforcement 
was, i n  the  i n t e r e s t  of b e t t e r  heat t ransfer ,  l a t e r  modified t o  the  
configuration shown i n  Figure 2. 

The t a sk  t o  be performed was t o  mod i0  t h i s  space s u i t  s h e l l  i n t o  
a var iable  thermal conductance device which would, as required, provide 
e i t h e r  high thermal conductance o r  e f f ec t ive  thermal insu la t ion  between 
the  skin of t he  man and the  outer s u i t  s h e l l  surface.  

The bas ic  f ibe rg la s s  space s u i t  s h e l l  i n  accordance with Figure 1 
and 2 w i l l  not  be ab le  t o  provide s u f f i c i e n t  thermal insu la t ion  under 
a t y p i c a l  "cold" condition. Supplemental multiple r e f l ec t ive  sh ie ld  
type vacuum insu la t ion  w i l l  be required. It was decided t o  make the  
bas ic  f ibe rg la s s  pressure s h e l l  as thermally conductive as possible .  
A thermal in su la t ing  l aye r  would then be arranged ex terna l  t o  the  
basic  pressure s h e l l  of the  s u i t .  The thermal insu la t ion  would be 
by-passed by cont ro l lab le  heat t r ans fe r  devices t o  provide an ove ra l l  
thermal conductance as required by astronaut  metabolism and ex terna l  
rad ia t ion  environment. 

3 
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A technique recent ly  developed and widely publicized f o r  passive 
heat  t ranspor t  was taken under consideration t o  provide the  b a s i s  f o r  
development of a control lable  heat t ranspor t  system. This technique 
cons is t s  of heat  t ranspor t  by mass t r a n s f e r  i n  a closed evaporating- 
condensing cycle using a capi l la ry  s t ruc ture  (wick) f o r  re turn  of t he  
condensate. mperimental  devices b u i l t  commonly cons is t  of a tube o r  
pipe, l i ned  on the  ins ide  with a wick, evacuated of noncondensible 
gas and supplied with j u s t  enough of a working f l u i d  t o  completely 
soak the  wick. Transport of  heat i n  such a device occurs as a r e s u l t  
o f  endothermic evaporation of the l i qu id  phase of the  working f l u i d  at 
the  warm end of the  pipe, diffusion and flow of the  vapor phase of 
t he  working f l u i d  t o  the  cool end, where condensation with re lease  of 
heat  takes  place.  Heat i s  thereby t ransfer red  from one end of t he  
device t o  the  o ther .  

Because of the  high hea ts  of evaporation of po ten t i a l  working 
f lu ids ,  which include water, l i qu id  metals, ammonia, alcohols and 
others ,  very high hea t  t ransport  r a t e s  have been observed. The 
devices b u i l t  and studied, using these pr inc ip les ,  a r e  commonly 
re fer red  t o  as "Heat Pipes." 

The thought occurred t h a t  i f  a heat  pipe type device could be 
made cont ro l lab le  i n  response t o  an applied s ignal ,  it would provide 
the  po ten t i a l  f o r  the  development of a var iable  thermal conductance 
device su i tab le  f o r  cont ro l  of heat t r a n s f e r  across the  space s u i t  
s h e l l .  The problem of developing a passive temperature control led 
space s u i t  then reduced i t s e l f  t o  the performance of a number of 
spec i f i c  tasks  which include: 

o Development of  a control lable  heat pipe type device 

o Development of control lable  heat pipe type devices 
having geometries compatible with the  geometry of a 
space s u i t .  

o Select ion of su i tab le  working f l u i d s ,  cap i l l a ry  mater ia ls  
and construction materials f o r  the var iable  heat t ranspor t  
devices.  

o Development and generation of fabr ica t ion  techniques which 
w i l l  permit the  fabr ica t ion  of a space s u i t  s h e l l  w i t h  in te -  
grated control lable  heat t ranspor t  devices and adequate 
thermal insu la t ion .  

5 



The Controllable Heat Pipe Concept 

The f i rs t  publ icat ion on a heat pipe w a s  probably an a r t i c l e  which 
appeared i n  the  Journal  f o r  Applied Physics i n  June, 1964, e n t i t l e d ,  
"Structures of Very High Thermal Conductance" by G. M. Grover, 
T. P.  Cotter, and G. F. Erickson, from the  Los Alamos Sc ien t i f i c  
Laboratory. 
of several  experiments with a heat pipe.  

This a r t i c l e  described the  construct ion and the  r e s u l t s  

It was reported i n  t h i s  a r t i c l e  t h a t  near ly  isothermal conditions 
where observed a t  high heat  flow ra t e s ,  leading t o  the  conclusion 
that there  was no measurable temperature gradient ins ide  a heat pipe 
between the  evaporating and condensing surfaces  of the  liquid-soaked 
wick. This can be explained by the  f a c t  t ha t ,  while vapor t ranspor t  
i n  a heat pipe r e s u l t s  from a pressure difference between the  warm and 
the  cold end of the  device, t h i s  pressure difference,  because of t he  
l a rge  vapor flow area,  i s  very small. Therefore, the  evaporating 
and condensing temperatures, which a re  functions of the  pressures 
ex i s t ing  a t  the  evaporating and condensing end, w i l l  be very c lose  t o  
each o ther .  

The experimentation w a s  performed with, what could be cal led,  a 
tlC1assicalll heat pipe, consisting of an ac tua l  pipe or tube, enclosing 
t h e  cap i l l a ry  s t ruc ture  and the working f l u i d .  
l eads  t o  heat  t ranspor t  i n  a heat pipe is, of  course, not  dependent or 
r e l a t ed  t o  a spec i f i c  geometry. Any cavity,  f r e e  of noncondensible 
gases and l i ned  with a wick which i s  sa tura ted  with a l i q u i d  of a 
vapor pressure su i tab le  f o r  the operating temperature range of t he  
device, will t ranspor t  heat by the mechanism of a heat  pipe.  The 
term "heat pipe", i n  t h i s  report, i s  used i n  the  broad sense of an 
evaporating-condensing cycle with condensate r e tu rn  by cap i l l a ry  
act ion,  even i f  the  geometry of t h e  devices discussed has no 
s i m i l a r i t y  with the  geometry of a "pipe". 

The process which 

In order t o  make a device o f  t h i s  type control lable  it i s  necessary 
t o  control  one of the mechanisms on which heat t ransport  i n  a heat 
pipe depends. Several p o s s i b i l i t i e s  were considered. It had been 
observed that a noncondensible gas, present i n  a heat  pipe, i s  flushed 
by the working f l u i d  vapor t o  the cool end of  the  heat pipe, where it 
c o l l e c t s  and ef fec t ive ly  in te r fe res  with heat t r ans fe r .  This phenomenon 
has the  po ten t i a l  of application t o  heat flow control  i n  a heat pipe.  
Whenever reduction of heat f low is  desired, a control led amount of 
noncondensible gas could be introduced in to  the  heat pipe.  Whenever 
increased heat  t r ans fe r  rates are required, t he  noncondensible gas 
could be bled off from the  cool  end, res tor ing  f u l l  heat t ranspor t  
capabi l i ty .  
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There a re  several  reasons why t h i s  technique has not been con- 
sidered as p r a c t i c a l  t o  applications in  a space s u i t .  Venting the  
noncondensible gas t o  space vacuum would incur the  need f o r  storage 
and replacement of an expendable g a s .  Each time venting takes  place, 
a small amount of the working f l u i d  vapor, which has diffused in to  
the noncondensible gas layer ,  would a l so  be l o s t .  This would be 
d i r e c t l y  contrary t o  the  in t en t  of t h i s  program t o  develop a 
technique requir ing l e s s  expendable mater ia ls  f o r  space s u i t  oEeration. 

A technique generated i n  preliminary s tudies  of t he  app l i cab i l i t y  
of heat  pipe type devices t o  heat t ransport  i n  a space s u i t  would 
cont ro l  the  evaporating temperature by control  of t he  pressure ins ide  
the heat  pipe.  This requires  tha t  the  volume of the heat  pipe 
cavi ty  be made var iable ,  such tha t  constant pressure,  within required 
operat ional  l i m i t s ,  can be maintained within the  heat  pipe cavi ty  
under var ia t ions  of heat flow into the device. In  Figure 3 a bellows 
i s  shown attached t o  the  heat pipe. If t h i s  bellows i s  ex terna l ly  
loaded with a constant gas pressure, it w i l l ,  when hea t  i s  applied 
t o  the  warm end o f t h e  heat  pipe and vapor i s  generated as a r e s u l t  
of  t h i s  heat addition, expand and maintain the  pressure at  a l e v e l  
d i c t a t ed  by the ex terna l ly  applied control  pressure.  This would 
maintain the evaporating temperature a t  the sa tura t ion  temperature 
o f  the  working f l u i d  corresponding t o  t h i s  pressure.  A s  long as the  
source of heat,  i . e . ,  the  skin of the  astronaut,  i s  a t  a temperature 
equal or lower than t h i s  temperature, heat t r a n s f e r  from the  skin 
would cease. Thereby, the  skin temperature of  t he  man could be 
maintained a t  a l e v e l  d i c t a t ed  by the  control  pressure applied t o  
the  bellows and heat removal from the  body adjusted t o  physiological 
requirements. 
technique t o  f l ex ib l e  heat  pipes f o r  a s o f t  s u i t .  
require  an undesirably complex system of dual l aye r  heat  pipes, 
d i s t r ibu ted  over most of the area of the space s u i t  surface.  

Figure 4 shows an arrangement which would apply t h i s  
It would, however, 

Two other  techniques would control  heat t ranspor t  i n  a heat  
pipe.  If the  wick would be arranged such t h a t  t he  continuous 
cap i l l a ry  flow path provided can be interrupted (Figure 5) ,  t he  
mass t r a n s f e r  loop i n  the  heat  pipe would be broken and t ranspor t  of 
hea t  would cease.  
from the  warm t o  the  cool end of the  heat pipe by t h e  in se r t ion  of a 
valve i n  the  vapor flow passage. 
vapor flow passage has been selected as the  most p r a c t i c a l  means of 
cont ro l  of heat  flow f o r  space s u i t  appl icat ions.  

The other  technique would s top the  flow of vapor 

This technique of control  of the  

In order t o  s top the flow o f  vapor i n  a heat pipe, it will be 
necessary t o  separate the  vapor flow passage from the  wick passage as 
shown i n  Figure 6. 
t he  wick i s  t i g h t l y  inser ted  t o  prevent vapor bypassing. 

The wick passage w i l l  cons is t  of a tube i n  which 
When a l l  
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pores i n  a wick a re  saturated wi th  l iqu id ,  the wick i s  vapor non- 
permeable. The only vapor flow passage would then be through the  
cont ro l  valve.  

Advantages of t h i s  technique include the  p o s s i b i l i t y  t o  modulate 
the vapor f l o w  by using a valve with t h r o t t l i n g  cha rac t e r i s t i c s .  
an e f f e c t  of  such t h r o t t l i n g ,  an increasing pressure d i f f e r e n t i a l  w i l l  
be generated between the  evaporating and the  condensing chambers o f  
the  device.  
of the  respective pressures,  temperature regulatory funct ions can be 
achieved. 

As 

A s  evaporating and condensing temperatures a re  functions 

F’urther advantages o f  t h i s  technique a r e  t h a t  only r e l a t i v e l y  

Excessive complexity i s  thereby 
s m a l l  passages must be controlled and the  cont ro l  valves can be 
located a t  a convenient loca t ion .  
avoided. 
the  advantages of t h i s  technique include modulating cha rac t e r i s t i c s ,  
f a s t e r  response t o  a cont ro l  s ignal  and avoidance of t he  need f o r  
manipulating a wick’every t i m e  a control  signal occurs, which could 
r e s u l t  i n  breaking of f i b e r s  and deter iora t ion  of s t r u c t u r a l  
i n t e g r i t y  of the  wick. 

Compared t o  interrupt ion of the  cap i l l a ry  flow i n  the  wick, 

The Variable Conductance Space Sui t  She l l  Concept 

Applying the  previously described technique of cont ro l l ing  heat  
flow i n  a heat  pipe by a valve i n  t h e  vapor flow passage, a concept f o r  
a var iable  conductance space s u i t  s h e l l  was generated. 
s ta ted ,  the  construction of the basic s t r u c t u r a l  and pressure s h e l l  
of the  hard space s u i t  had been s t ipu la ted  by the  NASA-Ames Research 
Center. It w a s  considered impractical t o  incorporate a var iable  
thermal conductance hea t  pipe into the  construction of t h i s  s h e l l .  
This s h e l l  would, even a t  minimum thermal conductance, not be adequate 
t o  provide insu la t ion  under an ecl ipse condition o r  during the  lunar  
n igh t .  It was, therefore ,  decided t o  use heat pipe technique t o  
give t h i s  s h e l l  m a x i m u m  e f fec t ive  thermal conductance. The purpose 
of t h i s  s h e l l  would then be t o  provide a pressure vesse l  and basic  
s u i t  s t ruc tu re .  
would be provided i n  which a l l  the devices providing thermal cont ro l  
would be included. These devices would include thermal insu la t ion  
and var iable  conductance heat pipes t o  bypass t h i s  insulat ion,  
when t r a n s f e r  of heat from the  body of the  astronaut  t o  the  outer  face 
of the ex terna l  rad ia t ing  surfaces of the  s u i t  i s  des i rab le .  

A s  previously 

On the  outs ide surface of  t h i s  she l l ,  a l aye r  

Figure 7 shows a conceptual diagram of t h i s  s h e l l  as o r ig ina l ly  
conceived. m e  inner  pressure she l l  shown i n  t h i s  f igure  w a s  
modified, as e a r l i e r  s t a t e d  and shown i n  Figure 2.  This modification 
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consis ted of changing from the  t r i angu la r  reenforcing channels shown 
i n  Figure 1, t o  t rapezoidal  channels shown i n  Figure 2. The reason 
f o r  t h i s  change w a s  t ha t ,  with the  t r i angu la r  arrangement, con- 
ductive heat  t r ans fe r  through f iberg lass  layers  and wicks w i l l  occur 
i n  th ree  places  between the  two boundary surfaces of t he  inner  s h e l l .  
With the t rapezoidal  arrangement, conductance hea t  t r a n s f e r  i s  re- 
quired only i n  two places .  

The outer  face of t he  i n n e r  s h e l l  provides p a r t  of t he  s h e l l  
of a two-chamber heat pipe which cons t i tu tes  t he  outer  space s u i t  
s h e l l .  The outer  space s u i t  she l l  cons is t s  of two c a v i t i e s  which 
a re  separated by mult iple  r e f l ec t ive  shield-type vacuum insu la t ion  
(super insu la t ion) .  This insulat ion l aye r  w i l l  provide protect ion 
against  excessive heat  l o s s  when the  heat pipe of the  outer  s u i t  i s  
i n  t h e  "shut" pos i t ion .  
as t ronaut  t o  the  ex terna l  surface of  t he  space s u i t  i s  desired 
f o r  purposes of heat  re jec t ion ,  heat w i l l  be t ransfer red  from the  skin 
of t he  astronaut,  through the  inner s u i t  s h e l l  hea t  pipes  and the  
outer  s u i t  s h e l l  control lable  heat pipes t o  t h e  ex terna l  rad ia t ing  
surface of the  s u i t .  

Whenever heat  flow from the  body of the 

The concept as described, requires i n  i t s  appl ica t ion  t o  a 
hard s u i t ,  t h a t  heat  be t ransferred from the skin of t he  astronaut  
t o  the  inner face of the  pressure s h e l l  by means not requir ing d i r e c t  
contact between the  hard s u i t  she l l  and the  sk in .  A hard space s u i t  
can not be made t i g h t  f i t t i n g .  
human body surface and the  inner s u i t  surfaces  f o r  body expansion 
r e su l t i ng  from breathing, muscular a c t i v i t i e s ,  e t c .  Radiative heat  
t r a n s f e r  f o r  t h i s  appl icat ion can only provide a p a r t  of the  heat 
t r a n s f e r  required.  It w i l l ,  therefore,  be necessary t o  provide 
f l e x i b l e  skin contactors,  which by means of e i t h e r  high thermal 
conductivity o r  heat pipe function, t r a n s f e r  t he  heat  from the  skin 
of t he  man i n t o  the  temperature cont ro l l ing  space s u i t  s h e l l .  

Space must be provided between the  

In performance of t h i s  phase of the contract ,  t h i s  spec i f i c  
problem w a s  only considered from the conceptual viewpoint. In 
mutual agreement with the  Contract Monitor, it w a s  decided t o  put 
t he  major e f f o r t  i n t o  the development of the Variable Conductance 
Space Sui t  She l l  and demonstrate i t s  f e a s i b i l i t y .  It i s  believed 
t h a t  heat pipe-type devices of f l ex ib l e  mater ia ls ,  which may be 
f l e x i b l e  p l a s t i c s  o r  meta l l ic  bellows as diagrammically shown i n  
Figure 8, have the  po ten t i a l  t o  solve t h i s  problem. 

The major problems f o r  t he  development of the  Variable Thermal 
Conductance Space Sui t  She l l  was t o  develop and demonstrate a 
technique f o r  heat flow cont ro l  i n  a heat  pipe by cont ro l  of t he  vapor 
f l o w  passage, develop a technique f o r  fabr ica t ing  the  inner pressure 
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s h e l l  such t h a t  the  s m a l l  channels, formed by the  t rapezoidal  
reenforcement, would be heat pipes and se lec t ion  of su i tab le  mater ia ls ,  
including wicks, working f lu ids ,  bonding techniques and others  
f o r  t h e  fabr ica t ion  of these devices. 
s tud ie s  performed t o  solve these problems were the  subject  of the  
program and are documented i n  t h i s  and i n  a separate report  
e n t i t l e d ,  "Study of Passive Temperature and Humidity Control Systems 
f o r  Advanced Space Sui ts ,  Materials Research Report, F i r s t  Year" 
which deals  with mater ia l  select ion and fabr ica t ing  processes.  

Analytical  and experimental 

ANALYSIS 

Space Sui t  Heat Rejection Capabili ty 

The purpose of t h i s  analysis was t o  determine how much heat  can 
be re jec ted  from the  outer  suit  surface by rad ia t ion  t o  space. The 
heat re jec t ion  capabi l i ty  of the outer  s u i t  surface depends on the  
temperature and the  thermal emissivity of the ex terna l  s u i t  surface.  
The temperature w i l l  depend on the temperature gradient required t o  
t ransmit  heat from the  skin of the man t o  the  outer  surface of the  
space s u i t .  This temperature gradient has a t  t h i s  time not firmly 
been establ ished by experiment. 

The temperature of the  outer s u i t  surface w i l l  f u r the r  depend 
on ex terna l  radiant  heat inputs,  which w i l l  depend on the  absorp t iv i ty  
of t he  outer  s u i t  surface t o  the wave length of the incident  radiat ion,  
exposure, shadowing, and a t t i t ude  r e l a t i v e  t o  the rad ia t ion  source 
which w i l l  determine the  e f fec t ive  a rea  receiving rad ian t  heat  inputs .  

Several simplif'ying assumptions were made f o r  purpose of t h i s  
analysis i n  order t o  maintain a proper balance of e f fo r t  between 
t h i s  analysis  and the other  research goals of t h i s  program. 

A geometrical model of a sui ted astronaut  (Figure 9)  was used 
f o r  determination of e f f ec t ive  radiat ion areas  of t h e  s u i t .  To 
allow f o r  i n t e r r e f l ec t ions  between limbs, and limbs and torso,  it w a s  
assumed t h a t  one ha l f  of  the leg area, one ha l f  of the  arms, and an 
a rea  on the  torso  equal t o  one half  of the  a rea  of the  arms would no t  
be e f f ec t ive  as thermal radiators. This assumption i s  conservative. 
Actually, rad ia t ion  from the  inside of t h e  legs ,  from the  torso  under 
the  arms and the  s ide  of the  arms facing the  to r so  w i l l  not be equal 
t o  zero.  These surfaces w i l l  emi t  rad ia t ion  t o  space. Only the  view 
f a c t o r  between these surfaces and space w i l l  be diminished by the  
presence of t he  adjacent body surfaces. 
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Data from Reference 5 (Table 2-8, "Gemini Sui t  The,mal 
Charac te r i s t ics" )  were used a s  bas i s  f o r  a n  estimate of t he  e ternal 
surface ar a of t he  space s u i t .  
(30.56 ft .  ). 
was based on Figure 9 by proportioning the  ex terna l  a rea  of the  Gemini 
s u i t  of 2.83 m2 (30.56 ft.') i n  accordance with the  nude body 
geometrical model Fig. 9 .  

3 This a rea  i s  given as 2.83 m 5 The area  relat ionship between torso,  legs ,  and arms 

The following areas  resul ted:  

Total  Sui t  

Both l egs  

Both arms 

Maximum projected area 

Minimum projected area 

2.83 m2 (30.56 f t 2 )  

1.12 m2 (12.05 f t 2 )  

0.57 m2 ( 6.10 f t2 )  

0.62 m2 ( 6.71 f t 2 )  

0.23 m2 ( 3.06 f t 2 )  

The e f f ec t ive  area avai lable  f o r  radiant  heat  emission from the  
outer  space s u i t  surface would then be: 

1 .12 2 (2.83 - - - 0.57) 2 
= 1.70 m2 (18.43 f t  ) 

From present indicat ions it i s  believed t h a t  a t  a metabolic r a t e  
of 2 x 10 6 joules  (Approx. 2000 Btu) per  hour, a temperature difference 
between the  skin of the man and the outer  s u i t  surface of 5OC (g°F) 
o r  less w i l l  be a t t a inab le .  
ou te r  s u i t  surface temperature would be 28Oc, (82.4'F). Using the 
thermal emissivity of  the Gemini s u i t  helmet (Reference 5, Table 2-8) 
of 0.88, t o t a l  emission from the s u i t  w i l l  be 2677 x 103 joules  per 
hour (2536 Btu per  hour) .  
made, t h i s  w i l l  be the maximum gross  heat emission of  the  ex terna l  
s u i t  surface.  
heat  and the heat absorbed from external  rad ia t ion  sources, such as 
the  sun, planetary surfaces and nearby space vehicles .  

With a skin temperature of 33OC (91.4'F), 

Within the accuracy of the assumptions 

This gross heat emission must balance both, metabolic 

The amount of rad ia t ion  absorbed by the s u i t  surface w i l l  depend 
on the  absorp t iv i ty  o f  the outer s u i t  surface t o  the  wave length of 
the  incident  radiat ion,  the  in t ens i ty  of the rad ia t ion  and the  
e f f e c t i v e  a rea  exposed t o  rad ia t ion .  
i r r a d i a t i o n  from a r e l a t i v e  d i s t an t  object  w i l l  be equal t o  the  pro- 
jec ted  a rea .  

The e f fec t ive  area f o r  
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The attitude of the astronaut relative to an external radiant 
source such as the sun, and the temperature of the heat source which 
determines the wave length of the radiation will be significant factors 
for the ability of the external suit surface to reject metabolic heat. 

In regard to radiant inputs from the sun, advantage will be 
taken in the usual way of spectral selectivity of the outer suit 
surface. As an example of the effect of attitude, the solar input for 
the geometrical model of man, used in this analysis, has been 
calculated for two (2) different attitudes of an astronaut relative 
to the sun. In these calculations, a solar absorptivity of 0.25, 
given in Reference 5 for the Gemini suit helmet was used as being 
representative for a fiberglass suit shell. The maximum and minimum 
projected areas were compared. With the maximum projected area facing 
the sun a heat input of 787 x 103 joules (746 Btu) per hour was 
calculated. The solar input for the minimum projected area is equal 
to 360 x lo3 joules (341 Btu) per hour. 

For an astronaut during EVA, not exposed to planetary radiation 
or significant radiant inputs from nearby space vehicles, the net 
metabolic heat rejection by radiation from the outer suit surface will, 
according to these calculations, vary from approximately 1890 x lo3 
joules (1790 Btu) per hour to 2317 x lo3 (2195 Btu) per hour. This 
net heat rejection of metabolic heat from the outer suit surface is 
significant. Weight savings in the order of one kg (2.2 lbs) per 
hour of EVA may be realized at certain operating conditions and 
high astronaut activity levels. The heat rejection capability of 
the outer space suit surface will, however, not suffice under 
unfavorable conditions, when high metabolic rate and maximum heat 
absorption from external radiation sources coincide. 

Where significant planetary radiation will be incident on the 
external suit surface as, for example, in the equatorial areas of 
the moon near lunar noon, heat absorption of the outer suit surface 
will be very large. Under these conditions, there may be no net 
heat rejection from the external suit surface possible. This is, 
of course, due to the fact that radiation from planetary surfaces is 
in the same part of the spectrum as the emission from the suit and, 
therefore advantage can not be taken of spectrally selective external 
suit surfaces. These unfavorable conditions dictate the need to 
provide an auxillary means of heat rejection. 
device, either water boiler heat exchanger or sublimation plates, will 
be required. 

A water evaporating 

This does not diminish the value of the external suit surface as 
a thermal radiator. Attitude of an astronaut in EVA will change from 
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the unfavorable t o  more favorable conditions 
s ign i f icant  saving of water w i l l  be rea l ized  during extended time 
missions. 

such t h a t , a s  an average, 

Even f o r  lunar surface operations, s ign i f icant  savings on water 
w i l l  be rea l ized .  The unfavorable condition f o r  rad ia t ive  heat  re- 
jec t ion  on the moon i s  l imited t o  a time period i n  t h e  order of 
four  (4) t o  f i v e  ( 5 )  Earth days, around lunar  noon; therefore ,  during 
an extended lunar  mission the external s u i t  surface w i l l  be an 
e f fec t ive  sink f o r  metabolic heat for about 18 t o  20 days of the 
28-day lunar  cycle .  

It i s  the i n t e n t  of t h i s  research program t o  i n t e g r a t e  means of 
water evaporation or sublimation i n t o  the s u i t  s h e l l  such t h a t  
passive heat t ransport  t o  auxi l lary heat sinks i s  provided and no 
power penalty f o r  t h e i r  use i s  incurred. 

Using the same simplified model for s u i t  geometry, the overa l l  
thermal conductance required for the extreme cold condition w a s  
estimated. 

This i s  the condition where a low metabolic r a t e  and absence of 
a s ign i f icant  external  heat input would coincide, as would be the  
case f o r  a su i ted  astronaut res t ing during t h e ' l u n a r  night .  
of overa l l  thermal conductance would be a t a r g e t  value which should be 
obtained when the var iable  conductance space s u i t  s h e l l  provides mini- 
mum heat t r a n s f e r  and maximum protection against  loss of body heat,  
i . e . ,  the condition when the vapor t r a n s f e r  valves i n  the control lable  
heat pipe a r e  closed and heat t ransfer  i s  by conduction only. 

This value 

In  order t o  bring t h i s  estimate t o  the conservative s ide,  it w a s  

(30.56 f t  ) 
The same assumption as above 

A metabolic r a t e  for a 

2 2 assumed t h a t  a l l  of the external  s u i t  surface of 2.83 m 
would emit heat by radiat ion t o  space. 
of a thermal emissivity of 0.88 was used. 
r e s t i n g  astronaut of 422000 joules (400 Btu) per hour and a skin 

temperature of 3 3 O C  (91.k°F) were assumed. 

From the  above assumptions, an o v e r a l l  thermal conductance of 

1085 joules/hour - m 2 0  - C (.053 Btu/hour - f t  2 0  - F) w a s  calculated.  



Theory of  a Eeat Pipe 

Considering t h a t  the concept selected f o r  passive temperature 
control  of a space s u i t  i s  based on the type of closed evaporating- 
condensing cycle with cap i l l a ry  return found i n  a heat pipe, it i s  
useful  t o  analyize the heat and mass t r ans fe r  processes taking place 
i n  these devices.  The type of heat pipe which w i l l  be applied i n  a 
var iable  thermal conductance space s u i t  s h e l l  w i l l ,  i n  geometry and 
construction s igni f icant ly  d i f f e r  from heat pipes as they have been 
studied i n  the p a s t .  This difference i s  not only due t o  the  heat  flow 
cont ro l l ing  feature  The heat pipes used i n  the var iable  conductance 
space s u i t  s h e l l  are, when compared t o  common heat pipes, short  and 
wide with heat t ransport  occuring i n  three dimensions, i .e ., from the 
skin t o  the outside face,  and i n  two d i rec t ions  p a r a l l e l  with the  surface 
of the  s u i t .  Compared t o  t h i s ,  what can be ca l l ed  the "c lass ica l"  heat 
pipe, made from a sect ion of pipe o r  tube, provides e s sen t i a l ly  one 
dimensional heat flow. 
capillax?/ action, evaporation and colzdensation apply, however, 
equally t o  these devices.  

The basic  pr inc ip les  of vapor t ransfer ,  

The operational pr inc ip les  of a heat  pipe are, therefore ,  discussed 
on a "c lass ica l"  heat pipe as i l l u s t r a t e d  i n  Figure 10. 
shows a pipe with the  wick attached as an annulus on the w a l l .  The 
wick i s  saturated with a l i q u i d .  The material of the wick and the  
l i qu id  used as working f l u i d  must be such t h a t  the  l i qu id  wets the  
wick and w i l l  be transported by capi l lary ac t ion  of the wick. The 
pipe i s  closed on both ends and free o f  a l l  gases other  than the  vapor 
of the  working f l u i d .  When heat  is put i n to  one end of the apparatus, 
an increase of vapor pressure of the working f l u i d  w i l l  r e s u l t  i n  
evaporation of some of the l i qu id .  The vapor flows t o  the cold end of 
the pipe due t o  the vapor pressure difference r e su l t i ng  from the 
temperature d i f fe rence .  A t  the cold end a vapor pressure i n  excess of 
the sa tura t ion  pressure corresponding t o  the cold end temperature 
r e s u l t s  from the evaporation a t  the warm end and vapor flow. Condensation 
of vapor occurs.  Heat i s  given off as a r e s u l t  of condensation. By the  
processes of l i qu id  evaporation at the  warm end, flow of vapor from 
the the w a r m  end t o  the cold end as r e s u l t  of vapor pressure difference 
and condensation a t  the cold end, heat energy i s  transported from the 
w a r m  end t o  the cold end of the heat pipe. 

This f igure  

Evaporation of the l i qu id  a t  the  w a r m  end causes the l iqu id-  
vapor in te r face  t o  r e t r e a t  i n to  the cap i l l a r i e s ,  resu l t ing  i n  a contact 
angle of the l i qu id  within the cap i l l a r i e s  which i s  smaller than i n  
the cold end where l i qu id  i s  being added as a r e s u l t  of condensation. 
Liquid i s  therefore  pumped by capi l lary ac t ion  from the condenser t o  
the evaporator because of the difference i n  contact angle i n  the 
cap i l l a ry  passages of the wick. 
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There are four (4) transport processes occurring simultaneously 
in a heat pipe. 

1. Conductive heat transfer from the outside of the heat pipe 
to the liquid-vapor interface at the surface of the wick 
at the warm end, and vaporization of the liquid. 

2. Mass transfer of vapor from the warm to the cold end. 

3. Condensation and conductive heat transfer at the cold 
end from the vapor liquid interface at the wick surface 
to the outside of the heat pipe. 

4. Liquid mass transfer from the cold end to the warm end 
by capillary pumping. 

Each of these four processes can be a limiting factor to heat flow 
performance in a heat pipe. Processes Number 1, 2, and 3 can be 
considered as three'resistances in a series arrangement. These three 
processes determine the total temperature drop from the outside face 
of the warm end of the heat pipe to the outside face at the cold end of 
the heat pipe. 

Process 1 and 3 require enough temperature difference to overcome 
the conductive resistance of the pipe wall and wick plus the amount 
of super heat, or super cooling, required respectively for evaporation 
and condensation. 
high conductivity of heat pipe wall and the liquid-saturated wick are 
desirable. Therefore, it is desirable to use wick structures of high 
thermal conductivity and working fluids which are good conductors of 
heat. Short of being able to achieve this, the wick layer should be 
made as thin as possible. Good thermal contact, preferably by 
bonding, between the inner face of the heat pipe wall and the wick is 
required. 

In order to keep these gradients at a minimum, 

Process Number 2 requires a temperature gradient in order to 

As the vapor flow cross 

In application to a heat pipe controlled by a 

generate a pressure difference between the warm and cold end of the 
heat pipe and thereby induce vapor flow. 
section in most heat pipes is large, the required temperature difference 
is usually very small. 
valve in the vapor passage, this temperature difference can be controlled 
by use of a valve with modulating characteristics. 

Process Number 4 will in most applications be the limiting factor 
for maximum possible heat flow in a given heat pipe. 
however, a series resistance element in the heat flow path. 
the wick in a heat pipe is capable of returning an amount of liquid 

It is not, 
As long as 
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t o  the warm end of the heat pipe equal t o  t'nat condensed i n  the cold 
end, heat flow w i l l  take place.  When evaporation and condensing 
r a t e s  exceed the pumping capabili ty of the wick, dry-out of the wick 
a t  the warm end w i l l  r e s u l t  and heat t ransport  by the heat pipe w i l l  
s t o p .  

An exception t o  t h i s  occurs when s igni f icant  pressure differences 
r e s d l t  from d r a s t i c  r e s t r i c t i o n s  of the vapor flow passages and 
c a p i l l a r y  pressure becomes unable to  overcome a pressure difference 
ex is t ing  between the w a r m  and cold end of  the heat pipe This w i l l  
occur i n  the var iable  conductance heat pipe which uses a valve In the 
vapor flow passage. 
passage valve closes,  a pressure difference between the warm and cold 
chamber w i l l  be generated which w i l l  counteract cap i l la ry  act ion and 
lead t o  dry-out of the wick at the warm (evaporator) end. 
appl icat ion of the heat pipe t o  a space s u i t  It w i l l  be necessary 
t o  use wicks which a r e  capable a f t e r  dry out t o  rapidly absorb and 
t ransport  working f l u i d  t o  the warm end of the heat pipe when the 
vapor valves open, i n  order t o  get fast response tlmes t o  a control  
s igna l  demanding increased heat t ransport .  

It can be expected t h a t  when the vapor flow 

For 

A second mechanism exis t s  which can cause dry-out  a t  the wick a t  
the warm end of a heat pipe.  The temperature a t  the fluid-vapor 
in te r face  a t  the w a r m  end of the heat pipe i s  equal t o  the saturat ion 
temperature. The l iqu id  within the c a p i l l a r y  mater ia l  a t  the warm 
end of the heat pipe and close t o  the w a l l  of the pipe must, 
therefore,  be super heated relat ive t o  the sa tura t ion  temperature a t  
the l i q u i d  vapor interface by a temperature difference equal t o  the 
temperature gradient across t h e  wick. If the amount of super heat a t  
t h i s  point i s  large enough t o  resu l t  i n  vapor formation a t  the pipe 
w a l l ,  a vapor blanket may be formed which w i l l  i n t e r f e r e  with 
conductive heat t r a n s f e r  t o  the liquid-vapor interface and may drive 
l i q u i d  out of the c a p i l l a r i e s  of the wick. 
l i k e l y  t o  occur a t  the r a t e s  o f  heat flow ant ic ipated i n  a space s u i t .  

This phenomenon i s  un- 

An analysis  on capi l la ry  pumping by a wick i s  presented i n  the 
following. This analysis  i s  similar t o  ana ly t ica l  treatment presented 
i n  the ex is t ing  l i t e r a t u r e  and essent ia l ly  based on Reference 6 

Capillary Pumping. - Considering the system i l l u s t r a t e d  i n  Figure 10, 
and Pev are  the pressures tha t  e x i s t  i n  the vapor space a t  the pcv 

condenser and evaporator respectively and P > P . A n  equation 

s h a l l  be derived f o r  the l i q u i d  flow r a t e  i n  the capi l la ry  wick by 
making the assumptions t h a t  t h e  l iquid propert ies  a r e  constant, and 
t h a t  the heat pipe i s  one dimensional. 

ev cv 

The pressure i n  the l i q u i d  a t  
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t h e  condenser i s  

where p i s  the  wetted perimeter per  u n i t  area of the  capi l la ry  s t ructure ,  
cp i s  the wick porosity.  i s  the contact angle, 0 i s  the  l i q u i d  

surface tension, and B i s  the angle between the axis of the  pipe and 
the d i rec t ion  of the gravi ta t ional  f i e l d .  The pressure i n  the  l i q u i d  
a t  the evaporator i s  

The pressure difference which drives the l i q u i d  through the wick 
mater ia l  from the condenser t o  the evaporator i s  the difference 
between Equations (1) and ( 2 ) .  

Under steady s t a t e  operating conditions t h i s  pressure difference i s  
opposed by the viscous press loss .  
s t ruc ture  of the wick i s  laminar and Darcy's l a w  can be used t o  
calculate  the  f r i c t i o n a l  pressure drop (Ref. 7 ) .  

The flow i n  the capi l la ry  

Darcy's l a w  s t a t e s ,  

where p i s  the  l i q u i d  viscosi ty ,  k i s  the spec i f ic  permeability of the  
wick, F i s  the volumetric flow rate  and A i s  the cross sec t iona l  area 
of  the wick. 
re la t ionship f o r  the  l i q u i d  flow r a t e  from the  condenser t o  the  evap- 
orator ,  

Subst i tut ing equation (4)  i n t o  Equation (3)  gives a 

The pressure drop i n  the  vapor space i s  f o r  most heat pipes very small 
r e l a t i v e  t o  other  pressure drops i n  the system. Therefore, Equation 
( 5 )  may be simplified t o  give, 

a P &egH 
F =  (- Ak L ) (14)($(cos ee - cos e c )  - 7 cos 8) (6)  
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A s  the  input power t o  the heat pipe i s  increased and the rates of 
vaporization and condensation increase, the  apparent contact angles 
of the l i q u i d  i n  the  wick, Be  and 8 
becomes more pos i t ive .  
and thus a l a r g e r  l i q u i d  flow ra te .  
(cos  B e  - cos 8 ) fi: 1. 

the  evaporator and 90 degrees i n  the condenser. 

change so t h a t  (cos 8 - cos 8 ) 

The m a x i m u m  flow r a t e  occurs when 

C' e C 

This gives a grea te r  cap i l la ry  dr iving force 

This means t h a t  the  contact angle is  zero i n  
C 

Because of the  high heat t ransport  r a t e s  resu l t ing  from the mass 
t r a n s f e r  and phase change system i n  a heat pipe, the temperature 
difference of the l i q u i d  over the length of the heat pipe and t h e  
sensible  heat t ransfer red  i s  very small r e l a t i v e  t o  the l a t e n t  heat 
t ransfer red .  Therefore, we can assume t h a t  a l l  the heat i s  t ransfer red  
as l a t e n t  heat and write 

Q = p h F  L (7)  

where Q i s  the h e a t ' t r a n s f e r  ra te  and h i s  the l a t e n t  heat of vapori- 
zat ion.  
equation f o r  heat t r a n s f e r  ra te ,  

Subst i tut ion of Equation (7 )  i n t o  (6) gives the  following 

The maximum heat t r a n s f e r  ra te  t h a t  the  heat pipe can maintain, 
assuming t h a t  it i s  l i q u i d  flow limited,  occurs when the  l i q u i d  flow 
r a t e  i s  maximum. A s  discussed above, t h i s  occurs when cos 0 - cos 0 =l. 

The maximum heat t r a n s f e r  r a t e  i s  given by the equation, 
e C 

I I1 I11 

i s  the product of three fac tors :  The %ax Equation ( 9 )  shows t h a t  

f i rs t  ( I )  i s  a grouping of wick propert ies  and the second (11) i s  a 
grouping of the working f l u i d  properties.  
f l u i d ,  the designer wishes t o  make these groupings as large as possible .  
The t h i r d  f a c t o r  (111) represents the r e l a t i v e  importance of gravi-  
t a t i o n a l  forces .  Under conditions i n  space where g is  e s s e n t i a l l y  
equal t o  zero, t h i s  term i s  unity. 

In choosing a wick and working 
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Working Fluid Selection 

For the appl icat ion of a heat pipe t o  a space s u i t ,  the se lec t ion  
of the proper working f l u i d  i s  of c r i t i c a l  importance. It cannot be 
based on the propert ies  which lead t o  high performance of a heat pipe 
alone. Considerations of sui table  temperature range, sa fe ty  and 
material compatibil i ty a r e  of importance and may be the determining 
f a c t o r s .  

For a given wick material ,  a working f l u i d  can be selected f o r  
m a x i m u m  heat t ransport  capabi l i ty  on the b a s i s  of group I1 of equation 
(9) .  This group of f l u i d  properties 

indicates  t h a t  f o r  a constant contact angle between wick mater ia l  and 
working f lu id ,  maximum possible heat t r a n s f e r  i n  a heat pipe w i l l  in- 
crease with increasing l iqu id  density pt, heat of vaporization h and 

surface tension 0 ,  and decrease with increasing v iscos i ty  p .  Figure 
11 shows a comparison of several  heat pipe working f l u i d s  based on 
t h i s  f l u i d  property group. 

The temperature range of a heat pipe working f l u i d  i s  defined by 
i ts  freezing point and by i t s  c r i t i c a l  temperature. The range over 
which a working f l u i d  can operate requires t h a t  it m u s t  be a l i q u i d  
a t  the lowest and a t  the highest temperatilre it w i l l  experience. 
Sol id i f ica t ion  of the l i q u i d  phase i n  a heat pipe woilld stop heat 
t r a n s f e r .  The freezing w i l l  occur a t  the cold end of the  heat pipe 
and there w i l l  be an eventual t ransfer  of a l l  of the  working f l u i d  
t o  the cold end. Drop of temperature a t  the  cold end below the 
freezing point of the working f l u i d  w i l l  be accompanied by a corres- 
ponding drop i n  vapor pressure which w i l l  cause evaporation and vapor 
flow from the  wick a t  the warm end u n t i l  dry-olrt a t  the w a r m  end occurs. 
Theory and experiment show t h a t  start up of a heat pipe a f t e r  the 
working f l u i d  has been sol idif ied,  i s  extremely slow. The only mode 
of heat t r a n s f e r  from the warm end t o  the cold end of the heat pipe i s  
by conduction i n  the  heat pipe s t ructure .  

On the other  end of the temperature range, the c r i t i c a l  temperature 
of the  working f l u i d  w i l l  obviously stop the function of the heat 
pipe.  The c r i t i c a l  temperature i s  t h a t  temperature a t  which a f l u i d  
ceases t o  exis t  i n  the l iqu id  phase. Latent heat of evaporation 
diminishes rapidly on approach t o  the c r i t i c a l  temperature. Ef f ic ien t  
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heat pipe operation requires working f l u i d s  with a c r i t i c a l  tenperature 
well above the  m a x i m u m  operating temperature. 

For the  temperature range of the human body, the super ior i ty  of 
water as a working f l u i d  i s  apparent. Unfortunately, it w i l l  not  be 
possible t o  use water alone as working f l u i d  f o r  space s u i t  applica- 
t i o n s  because of i t s  high freezing point .  
temperature on the external  face of the space s u i t  s h e l l  w i l l  f a l l  
fa r  below the freezing point of water, when low metabolic r a t e  and/or 
absence of s ign i f icant  external  heat inputs occur. For the  per- 
formance of the present study, it was assumed t h a t  methyl alcohol 
would be used i n  the controllable ex terna l  heat pipes of the space 
s d t ,  while water would be used i n  t h e  heat pipes of the pressure 
s h e l l  i n  proximity of the human body. Future invest igat ions w i l l  
explore the p o s s i b i l i t y  of freeze prevention by use  of aqueous solut ions.  

It must be expected t h a t  the 

EXPERIMENTAL F33SEARCH 

a p e r i m e n t a l  Research Approach 

The t h e o r e t i c a l  and ana ly t ica l  invest igat ions of passive control  
of temperature i n  a space s u i t  by the  use of a variable conductance 
space s u i t  s h e l l  ver i f ied  usefulness and f e a s i b i l i t y  of the  concept. 
Experimental research was i n i t i a t e d  i n  order t o  ver i fy  t h e o r e t i c a l  
considerations, generate performance da ta  and develop a fabr ica t ion  
technology f o r  passive temperature control  f o r  space s u i t s .  

In order t o  be able t o  perform experimentation ver i fying the  
funct ional  and thermodynamic aspects simultaneous with the a c t i v i t i e s  
directed towards development of a fabr ica t ion  technology, it was 
decided t o  separate these two areas of research a c t i v i t i e s .  Functional 
devices which simulated the thermodynamic functions of the var iable  
conductance space s u i t  s h e l l  were b u i l t  of readi ly  avai lable  mater ia ls .  
Simple geometries were selected which permitted easy and low cost  
fabr ica t ion .  
provided thermodynamic data  indepedent of the development of a 
fabr ica t ion  technology. 
was persued as a p a r a l l e l  e f f o r t .  

This approach permitted functional experimentation and 

Development of the fabr ica t ion  technology 

While t h i s  approach proved i t s e l f  as bas ica l ly  useful  i n  being 
able t o  obtain sa t i s fac tory  r e s u l t s  i n  both areas of invest igat ion,  
the assumption t h a t  well-established techniques exis ted f o r  fabr ica t ion  
of simulation devices proved t o  be over opt imist ic .  It became apparent 
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t h a t  the techniques used for the fabricat ion of heat pipes of c i r c u l a r  
cross  sect ion were not adequate when the geometry of the devices 
deviated s igni f icant ly  from t h a t  of a pipe. 

It w a s  a l s o  recognized t h a t  it would be desirable  t o  gain a b e t t e r  
understanding of the functional aspects of a hea t  pipe. Ideal ly ,  it 
should be possible t o  obtain enough experimental data on each of the  
four  basic  processes of heat pipe operation, described i n  the pre- 
ceding chapter, "Theory of a Heat Pipe", t o  be able t o  ana ly t ica l ly  
predict  performance of any design and configuration of a heat pipe 
type device. Such an investigation i n t o  the bas ics  of heat pipe 
operation would, however, have gone far  beyond the scope of t h i s  
program. Some experiments leading t o  generation of basic data  were 
performed. Others were, however, deleted when it became apparent 
t h a t  t e s t i n g  of a complete simulation device would provide the  re- 
quired r e s u l t s  a t  lower cost .  

Wick Evaluation 

O f  the  four  t ransport  processes described under "Theory of a 
Heat Pipe," the mass t r a n s f e r  of the l iqu id  working f l u i d  by capi l la ry  
ac t ion  i s  the l e a s t  predictable.  A wick i s  a random arrangement of 
f i b e r s  and pores with usually unknown d i s t r i b u t i o n  of pore s i ze ,  
d i r e c t i o n  of c a p i l l a r i e s  and other c h a r a c t e r i s t i c s .  Wicks considered 
f o r  space s u i t  heat pipes, may or iginal ly  have been designed and 
fabr ica ted  f o r  use as f i l t e r s ,  or e l e c t r i c a l ,  thermal or accoustic 
insu la t ion .  It was therefore necessary t o  base the se lec t ion  of 
wicks on experimentation with a number of commercially avai lable  
f ibrous and t e x t i l e  materials and t o  se lec t  those which have the  most 
s a t i s f a c t o r y  performance f o r  the  spec i f ic  appl icat ion.  

Methyl alcohol and water are  the  two working f l u i d s  primarily 
considered for application i n  the variable conductance space s u i t  
s h e l l .  Therefore wick performance data  for these two f l u i d s  were 
required.  
(Reference 1) have shown t h a t  a group of mater ia ls ,  avai lable  under 
the  t rade  name of "Refrasil" has given very good capi l la ry  performance 
with water. These materials a r e  spun, woven or braided from s i l i c o n  
dioxide f i b e r s  and available f rom the  Hitco Corporation of Gardena, 
Cal i fornia .  They are  manufactured f o r  the purpose of high tempera- 
t u r e  e l e c t r i c a l  and thermal insulation. Chemically, they a r e  
s i m i l a r  t o  s i l i c a  gel, and t h e i r  outstanding capi l la ry  performance 
with water i s  probably due t o  t h e i r  excel lent  wetting c h a r a c t e r i s t i c s .  

Previous s tud ies  performed under Contract NAS2-2102 



Because of the a v a i l a b i l i t y  of data  f o r  wick perfomance with 
water from Reference 1, the wick-testing program w a s  l imited t o  t e s t i n g  
of wicks with methyl alcohol.  

The c r i t e r i o n  which determines the usefulness of a wick f o r  
appl icat ion t o  a heat pipe is i t s  a b i l i t y  t o  t ransport  the l i q u i d  working 
f l u i d  against  an imposed head. 
conditions, r e s u l t  from the  pressure difference which i s  required t o  
induce flow of vapor from the warm t o  the cold end of the heat pipe. 
In most appl icat ions,  t h i s  pressure head w i l l  be very s m a l l .  In  an 
accelerat ion f i e l d ,  the weight of the working f l u i d ,  as it r e s u l t s  from 
t h e  magnitude of the ex is t ing  "g" forces,  ( i . e . ,  e a r t h  o r  lunar  "grr, 
t h r u s t e r  acce lera t ions)  w i l l  also have t o  be overcome by capi l la ry  
pressure.  For the  purpose of comparison of various wicks, the 
capabi l i ty  of the  wick t o  l i f t  a l i q u i d  v e r t i c a l l y  i s  a good c r i t e r i o n .  

This head would, under zero "g" 

Testing of wicks was performed by measuring the r a t e  of l i f t  i n  
v e r t i c a l  wicks, r e l a t i v e  t o  t h e  l iqu id  head i n  the wick. Liquid 
weight retained by .capi l la ry  action i n  a u n i t  volume of wick was 
determined. The l i q u i d  mass f l o w  r a t e  i n  the  wicks, against  l i q u i d  
heads counteracting the flow, was then calculated.  

The experiments were performed by enclosing wicks i n  a v e r t i c a l  

The wicks were arranged f r e e  
posi t ion i n  g lass  tubes with the bottom of the wick and g lass  tube 
submerged i n  methyl alcohol (Fig. 1 2 ) .  
hanging i n  the g lass  tube. A small opening on the top of the tube 
permitted pressure equalization of the tube with the laboratory 
atmosphere. This arrangement did provide an atmosphere around the 
wick e s s e n t i a l l y  saturated with methyl alcohol vapor. This avoided 
t h a t  evaporation from the wick would b i a s  the indicated l i q u i d  flow 
performance of the  wick. Liquid r i s e  i n  the  wicks was made v i s i b l e  by 
put t ing dots  of methyl alcohol-soluble dye (Speedry Chemical Products 
Inc. , "Magic Marker") i n  regular i n t e r v a l s  on the wick. A s  the  l i q u i d  
rose i n  the wick, these dots were washed out, giving an indicat ion of 
the progress of the l iqu id .  This technique i s  believed t o  give 
r e l a t i v e l y  correct  indicat ions o f  the locat ion of a l i q u i d  while it 
r i s e s  up i n t o  a wick. Visible observations of the locat ion of a 
l iqu id ,  r i s i n g  i n  a wick,is made d i f f i c u l t  by the f a c t  t h a t  any 
addi t ive such as a dye, when mixed with the l iquid,  could change 
surface tension of the  l iqu id ,  which would cause s igni f icant  e r r o r s .  
By putt ing s m a l l  dye dots  on the wick, the contamination of the f l u i d  
t o  be t e s t e d  i s  minimized, although it i s  recognized t h a t  it i s  not  
completely avoided. 

Time r a t e  of l i f t  w a s  measured with a stopwatch. Figure 13 
shows measured l i f t  height versus time. I n  order t o  determine flow 
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r a t e  by capi l la ry  ac t ion  as a function of l i f t  height, the l i c p i d  
volume retained by capi l la ry  effect ,  i n  the wicks tes ted,  w a s  deter-  
mined. Samples of the candidate wicks were cut  t o  exact dimensions. 
The samples were then dipped i n t o  a graduated cylinder f i l l e d  with 
methyl alcohol u n t i l  f u l l y  soaked and withdrawn. 
t o  d r i p  dra in  f o r  30 seconds in to  the graduated cylinder.  
of l i q u i d  removed by the wick f rom the  graduated cylinder w a s  recorded. 
The data  so obtained were then converted t o  gram of methyl alcohol 
per cubic centimeter of wick volume. 

They were permitted 
The amount 

The advantage of volume measuring i s  t h a t  it can be performed 
quickly and t h a t  evaporating e r rors  a r e  minimized. Comparison of 
weight of dry and saturated wicks was attempted, but found unsatis-  
factory f o r  a r e l a t i v e l y  v o l a t i l e  f l u i d  such as methyl alcohol, because 
of the slowness of the weighing process. 
t i o n  t e s t s  a re  shown i n  Table I. This t a b l e  a l s o  i d e n t i f i e s  the 
samples t e s t e d  and the source of procurement. 

Results of the  l i q u i d  reten- 

With data  on l i f t  height as function of  time and m e t h y l  alcohol 
re ten t ion  weight per unit wick volume avai lable ,  the methyl alcohol 
capi l la ry  mass flow r a t e  per uni t  wick area,  f o r  various l i f t  heights,  
w a s  calculated.  The weight of l iquid l i f t e d  by the wick per u n i t  time 
and u n i t  cross-sectional area 

AL I w = -  P 
A t  

where: A L  - l i f t  
A t  time 

- 

- -  

weight of l iquid retained i n  a uni t  
volume of wick (from Table I )  

- P '  

The resu l t ing  methyl alcohol f l o w  r a t e s  as function of i i f t  i n  the wicks 
a r e  p lo t ted  i n  Figure 14.  

It i s  recognized t h a t  t h i s  technique of calculat ing l i f t  r a t e  
a l s o  includes a poten t ia l  source of e r r o r  and should be considered only 
as a reasonable approximation. 
sa tura t ion  of the  c a p i l l a r i e s  of a wick w i l l  not be uniform, but w i l l  
diminish as l i f t  head increases.  
of l i q u i d  w i l l  be contained near the top, i n  a uni t  volume, than i n  the 
bottom of the wick. This w i l l  be due t o  the f a c t  t h a t ,  as the l i f t  
height increases,  only the smaller c a p i l l a r i e s  avai lable  i n  a wick w i l l  
contain l i q u i d  because the maximum l i f t i n g  capabi l i ty  of the l a r g e r  
c a p i l l a r i e s  has been exceeded. 

The e r r o r  r e s u l t s  from the f a c t  t h a t  

In a v e r t i c a l  wick, a smaller amount 
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These t e s t s  a re ,  however, s t i l l  considered va l id  for the  purpose 
f o r  which they were performed. Purpose of these t e s t s  was se lec t ion  
of the wick with the  bes t  transport  capabi l i ty  out of a number of 
po ten t ia l  mater ia ls .  They were, therefore, comparative r a t h e r  than 
absolute.  Errors i n  the observation, as they have been recognized 
as unavoidable, w i l l  be essent ia l ly  equal for a l l  specimen and the  rank 
order of l i f t i n g  capabi l i ty  w i l l  s t i l l  be su i tab le  f o r  se lec t ion  of a 
wick. 

A s  s t a t e d  above, previous work performed under Contract NAS2-2102 
has shown Refrasi l  t o  provide optimum performance f o r  water (Reference 
1). In  the t e s t s  with methyl alcohol, it w a s  found t h a t  the same 
wicks a l so  provided m a x i m u m  performance of flow versus head with 
methyl alcohol. This r e s u l t  could not necessar i ly  be an t ic ipa ted .  In- 
house technology research performed e a r l i e r  by TRW Systems had, f o r  
example, indicated the same wick t o  be a r a t h e r  poor performer with 
Freon 11. 

For appl icat ibn of heat pipes t o  space s u i t  thermal control,  using 
water and methyl alcohol as working f lu ids ,  Ref ras i l  wicks were 
selected on the bas i s  of the r e s u l t s  of these invest igat ions.  

Evaporation From Wick Surfaces 

Evaporation from the surface of a wick i s  one of the basic  
processes on which the  function of a heat pipe depends. 
t h e  t e s t s ,  described i n  the following, was therefore  t o  observe and 
measure evaporation r a t e s  of water and methyl alcohol from the surface 
of a liquid-soaked Refrasi l  wick. There were good reasons f o r  i n t e r e s t  
i n  t h i s  p a r t i c u l a r  phenomenon. 

The purpose of 

The f l u i d  property group - ’’ Ac f o r  evaluation of working f l u i d s  
includes only propert ies  which w&ld e f f e c t  t ransport  eff ic iency of a 
wick with the p a r t i c u l a r  f l u i d .  The f l u i d  property group is ,  therefore ,  
a performance c r i t e r i o n  f o r  heat pipes when the capabi l i ty  of the wick 
t o  re turn  the l i q u i d  phase of the working f l u i d  from the  cold t o  the 
warm end i s  the l imi t ing  f a c t o r .  The f l u i d  property group does not 
r e l a t e  t o  the r a t e  of evaporation of the working f l u i d .  It is, however, 
the  product of evaporation rate and heat of vaporization which w i l l  
determine heat flow r a t e  a t ta inable  f o r  a given temperature gradient,  
when a heat pipe operates below the l imi ta t ions  of wick performance. 

Furthermore, the highest temperature i n  the l i q u i d - f i l l e d  matrix 
of the wick w i l l  e x i s t  a t  the  side of the  wick which i s  bonded t o  the  
heat pipe w a l l .  Vapor pressure of the  l i q u i d  i n  the wick should, 



therefore, be highest at the heat pipe wall-wick interface. Should 
this vapor pressure result in boiling at the interface, the vapor 
formed would counteract the capillary forces of the wick and drive the 
liquid out of the capillaries. 
break down of heat pipe activity. 
operate. It must be therefore concluded that this effect does not 
take place at heat flow rates at which heat pipes operate. It has 
been theorized that, as a result of capillary pressure, the pressure 
at the heat pipe wall-wick interface is higher than at the liquid- 
vapor interface. 

This would result in wick dry-out and 
Heat pipes do however in fact 

The experimentation performed was not of a highly sophisticated 
nature. 
boiling phenomena would be beyond the scope of this program. 
apparatus was designed and built and limited observations were made, 
which confirmed that wick dry-out of the type described above would 
not occur at heat flues anticipated for a space suit. 
indications obtained were that the relative performance of water and 
methyl alcohol depended on temperature. 
efficient working fluid at human body temperatures. At temperatures 
as they may occur near or at the external suit surface, methyl alcohol 
seems to be equal or better than water in rate of evaporation. 

It was realized that an extensive study of wick surface 
A simple 

Further 

Water appears to be a more 

Ekperimental Apparatus.- An experimental apparatus was designed and 
fabricated for the performance of these tests. It consisted of a 
cylindrical chamber made from a circular Plexiglass ring with an 
aluminum bottom and a Plexiglass top, as shown in Figure 15 .  The 
aluminum bottom was machined to a flat raised center section, s u r -  
rounded by a trough. The wick to be tested was bonded to the raised 
center section and extended down into the trough. 
installed on the top of the wick and at the interface between the 
aluminum plate and the wick. 
plate for a vacuum pump, an absolute pressure gauge and a liquid 
supply from a titration tube. The connections to the vacuum pump 
permitted evacuation of the internal cavity of the cylinder. 
trap in an ice bath was arranged between the test fixture and the 
vacuum pump for condensation of vapor. An infrared lamp supplied 
radiant heat into the bottom of the aluminum plate. 
used as power supply to the heat lamp to permit control of heat input. 

Thermocouples were 

Connections were provided in the top 

A cold 

A "Variac" was 

Test Procedure.- The following procedure was followed in performing the 
experiments : 

o The chamber was evacuated to a hard vacuum (approximately 
10-6 torr). 

o Liquid was supplied to the chamber from the titration tube 
until the wick was saturated and the trough in the bottom of 
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the chaqber vas nearly filled with the liqdid. The heat 
lamp was turned on, and after an initial warm-up time, the 
valves regulating the pressure chamber were adjusted to 
obtain the desired pressure. 

o Liquid level in the trough was maintained at a constant 
level by adjustment of the valve in the bottom of the 
titration tube and visual observation through the Plexi- 
glass sides and top of the test chamber. 

o After steady state operating conditions of pressure and 
temperature were obtained, which required usually about 
1 to 13 hours of adjustments, thermocouple temperature 
signals and chamber pressure were recorded. Liquid 
volume supplied to the chamber, representing the rate of 
evaporation, was recorded as a function of time. 

Interpretation of Test Results.- The data for evaporation rate as a 
filnction of chamber' temperature and corresponding saturation pressure 
were used to calculate heat rates for evaporation from the wick 
silrface in terms of heat energy per unit area per unit time. A 
number of tests points so obtained were plotted as fmction of 
liqdid-vapor interface temperature, for water and methyl alcohol, in 
Figure 16. 
the test points. This is not too surprising considering that liquid 
supply was measured on the basis of visual observation of the liquid 
level in the trough and other shortcomings inherent in a simplified 
test set up. Averaging lines drawn through the test points indicate 
that up to a temperature of approximately l 7 O C ,  methyl alcohol has 
higher evaporating rates than water and could be expected to give 
equal c r  better performance in a heat pipe than water. At higher 
temperatures than l7OC, water is superior. 

As the figure shows, there was considerable scatter in 

Wick Bonding 

It is apparent that one of the resistances to heat flow in a heat 
pipe-type device is the thermal resistance of the interface between 
the inside surface of the heat pipe wall and the wick attached to it. 
Any gap between wick and wall will increase this thermal resistance. 
For this reason and because it is necessary to retain the wick at 
the location required by the design of the device, wicks should be 
bonded to the inner surfaces of the heat pipes. 

Bonding of a capillary structure such as a wick will, however, 
create a'problem. Any liquid adhesive brought in contact with the 
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wick will be drawn by capillary act, ion into the capillaries ~f the wick 
and effectively destroy capillary performance. A variety of techniques 
to avoid this were taken under consideration. One technique would fill 
the capillaries of the wick with a readily soluble substance prior to 
bonding it, perform the bonding and then wash the filler material out of 
the capillaries by a suitable solvent. Another technique would limit the 
amount of the adhesive such that only a very thin layer of the overall 
wick thickness would be penetrated. 

In the performance of the tasks described in this report, the latter 
technique was applied. Difficulties were however experienced and ex- 
tensive experimentation was performed for development of a successful 
bonding technique and for verification of the reliability of potential 
techniques over extended time periods at elevated temperatures. These 
research activities are described in a separate report prepared under 
the same contract and entitled, "Material Research Report-First Year" 
TRW SYSTEMS No. 06462-6003-RO00, September 1967. 

It was found that the best way to limit the amount of adhesive 
applied to the wick was to use adhesives which were suitable for heat 
sealing, rather than those relying on solvent evaporation or curing 
processes. 

A technique successfully used at this time takes advantage of a 
commercially available mylar sheet which is coated on both sides with 
a polyester resin and available under the name of Schjeldahl No. GT-401. 
This technique has successfully withstood extended time tests which 
included exposure to water as working fluid for two weeks at 71°C 
(1600~. ) 

The same technique is, however, not satisfactory for use with methyl 
alcohol at elevated temperatures for extended time periods. During 
tests, the bonding failed and the wick separated after two weeks of 
exposure to 71°C (1600~) in the presence of methyl alcohol. 

It may be difficult to find a technique which will satisfactory 
bond Refrasil wicks to fiberglass substrates in the presence of methyl 
alcohol. Future research will therefore attack the problem in two ways. 
In addition to research for a suitable bonding technique for Refrasil, 
consideration will be given to the use of new type of metallic felt wick, 
which is sealed with a continuous metal sheet on one side. This would, 
for purposes of bonding, provide protection against penetration of an 
adhesive into the capillaries of the wick. 
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Simulation of Space Suit Shell Functions 

It was anticipated that the development of fabrication techniques 
for the fiberglass space suit shell would be a time-consuming process. 
It was therefore desirable to parallel this effort by a series of 
experiments which would confirm the functional aspects on which the 
concept of the variable thermal conductance space suit shell was based. 

This space suit shell includes two major functional components: 

0 The basic structural and pressure shell of the hard 
space suit, modified into a high thermal conductance 
structure by converting every internal cavity of this 
shell into a heat pipe. 

0 The variable thermal conductance device which would be a 
controllable heat pipe, using the vapor passage control 
principle discussed in the introduction. 

In both these areas, simulation devices were constructed of readily 
available and easy to handle materials, such as Plexiglass, aluminum 
and other metals. 
formed separately, with a high thermal conductance pressure shell 
simulator and a simulator fo r  the variable thermal conductance suit 
shell. 

The experimentation in these two areas was per- 

Pressure Shell Simulation. - The high thermal conductance pressure 
shell, when seen from the viewpoint of transversal heat transfer, is 
a short and wide heat pipe. In order to verify its functional and 
operational aspects, a simulator was designed and constructed as shown 
in Figure 17. This simulator was circular and consisted of a short 
ring of Plexiglass with an aluminum top and bottom plate for heat 
input and heat removal. Thus, a cylindrical cavity, approximately 
6 mm (+ in.) high was formed. 

The two aluminum plates were lined on the inside with sheets of 
Refrasil wick, which were interconnected by two rolled up pieces of 
Refrasil wick located in two places between the wick-lined aluminum 
sheets. A Plexiglass spacer was provided in the center of the two 
aluminum sheets to increase resistance against collapsing, when the 
cavity was evacuated. The whole assembly was bonded together with 
epoxy. A small diameter copper tube was provided from the outside into 
the cavity for evacuation of noncondensible gases and supplying of 
water as working fluid. 
block heat sink which could be cooled with chilled water. 

The assembly was mounted on top of a copper 
High thermal 

42 



c 
m 
5 

43 



conductivity s i l i c o n  grease, Dow Corning No. 340, w a s  used t o  improve 
heat t r a n s f e r  between the copper heat sink block and the  aluminum 
p l a t e .  The opposing aluminum plate  of the device was used f o r  heat 
input.  For t h i s  purpose an e l e c t r i c  res is tance heater  was bonded t o  
the outs ideof  t h i s  aluminum plate .  Thermocouples were i n s t a l l e d  on the 
outside surfaces of  the aluminum pla tes  and i n t e r n a l l y  i n  contact with 
the surfaces of the  two wicks. 

The device was first  ins ta l led  i n  a vacuum b e l l  jar, with the 

The b e l l  jar  w a s  then evacuated t o  approximately 10-6 t o r r .  
copper tube open. It w a s  insulated with 20 layers  of crinkled aluminum 
f o i l .  
Power at  three  d i f fe ren t  l e v e l s  as shown on Figure 18 w a s  then applied 
t o  the heater  and i c e  water was circulated through t h e  tubes of t h e  
heat sink block. Temperature readings of the thermocouples were re -  
corded a f t e r  the system stabi l ized i n  a steady s t a t e  condition. 

The device w a s  then removed from the  b e l l  jar  and evacuated through 
the copper tube t o  a vacuum o f  approximately t o r r .  Degassed 
d i s t i l l e d  water was then admitted from a graduated t i t r a t i o n  tube. 
amount of water added had been previously determined as the  amount 
required t o  completely soak a l l  the wicks present i n  the  cavi ty .  

The 

The copper tube was then sealed of f  with a pinching too l ,  the 
device insulated as before and i n s t a l l e d  i n  the  vacuum b e l l  jar .  The 
b e l l  jar  was evacuated t o  approximately t o r r .  The same l e v e l s  
of e l e c t r i c  power were again applied t o  the heater,  i c e  water was 
c i rcu la ted  through the  heat sink block and the system permitted t o  
s t a b i l i z e .  Thermocouple readings were again recorded. Figure 18 shows 
a p l o t  of temperature at the  two (2 )  thermocouples located a t  the  out- 
s ide  surfaces of t h e  aluminum plates  vs.  power input.  

No r e l i a b l e  readings could be obtained from the  thermocouples i n  
contact with the wick surfaces.  Readings from these thermocouples 
were e r r a t i c  and it w a s  l a t e r  concluded t h a t  the  type of i n s t a l l a t i o n  
of these thermocouples caused i r regular  readings, because the thermo- 
couple wire leads of the  thermocouple located on the  cold wick surface 
were i n  contact with the  surface of the  warm wick and vice versa. A s  
a r e s u l t ,  the  thermocouple readings were influenced by thermal con- 
ductance i n  the  thermocouple leads and t h e i r  readings had t o  be d is -  
counted. Comparison of the  temperature gradients f o r  equal power 
input, of the device empty and providing heat t r a n s f e r  only by con- 
duction and radiat ion,  with the  much smaller temperature gradients  
when the  device functioned as a heat pipe gave an indicat ion t h a t  the  
modification of the  f iberg lass  pressure s h e l l  c a v i t i e s  i n t o  heat 
pipes would provide s igni f icant  improvement i n  overa l l  thermal con- 
ductance. 
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Variable Condwtmce Space Sui t  Shel l  Simulation,- The variable con- 
ductance space s u i t  s h e l l  i s  essent ia l ly  a short ,  wide heat pipe 
separated i n t o  two chambers. The separating w a l l  has openings f o r  
vapor passage and f o r  condensate t r a n s f e r  wicks. The vapor passage 
i s  opened or closed as desired t o  control  the amount of heat t r a n s -  
ported by the device. 

The f i r s t  simulator designed and fabricated w a s  made of a one- 
inch long piece of four-inch diameter s t a i n l e s s  s t e e l  tubing with 
s t a i n l e s s  s t e e l  cover p la tes  at each end and a s t a i n l e s s  s t e e l  p l a t e  
as the chamber separator.  The chamber separator had two holes d r i l l e d  
i n  it. One w a s  f o r  the vapor valve and the other  was f o r  a roll of 
Refras i l  wick f o r  condensate t ransfer .  The vapor valve w a s  made from 
a magnetic type of s t a i n l e s s  s t e e l  and could be l i f t e d  from i t s  s e a t  
f r o m  the outside of the device by a permanent magnet. 

Refrasi l  sheets were bonded t o  the  inside surfaces of the two 
cover p l a t e s .  Car te r ' s  rubber cement w a s  used t o  bond the  Refras i l  
sheets  t o  the s t a i n l e s s  s t e e l  p la tes .  The rubber cement w a s  applied 
t o  the  s t a i n l e s s  s t e e l  surfaces and permitted t o  dry. The Refras i l  
wicks were then applied by hand. pressure t o  the  dry, but tacky 
rubber cement. The ra t iona le  for the  use of t h i s  technique w a s ,  t h a t  
absence of a l i q u i d  adhesive wou ld  protect  the c a p i l l a r i e s  of the  
wick from being soaked with the adhesive. 

The device w a s  assembled by soldering with t i n  solder, which w a s  
l a t e r  coated with epoxy t o  cover some s m a l l  leaks.  A small diameter 
copper tube 'penetrated i n t o  the cavi ty  of the device f o r  evacuation 
of noncondensible gases and f o r  supplying water as the working f l u i d .  
Thermocouples were attached t o  the  outside of each of the cover 
p l a t e s .  An e l e c t r i c  resistance hea ter  was bonded t o  the outside of 
the top cover p l a t e .  The device was evacuated and supplied with 
degassed d i s t i l l e d  water i n  suf f ic ien t  quantity t o  saturate  a l l  
i n t e r n a l  Refrasi l  wicks. 

The device was  t e s t e d  under room conditions with power supplied 
t o  the  resis tance heater  and heat removed by placing the bottom p l a t e  
i n  a d ish  of ice  water. No s ignif icant  change i n  the temperature 
difference across the  p l a t e s  occurred when the vapor valve w a s  
opened or closed. It w a s  suspected and eventually confirmed t h a t  the 
wick had become contaminated by the rubber cement when heat w a s  
supplied t o  the top p l a t e .  This contamination stopped the capi l la ry  
ac t ion  i n  the wick and the device could no longer function as a 
heat pipe. 

It was then decided t h a t  the design of the  simulator should be 
modified t o  permit disassembly and reassembly of  the device i n  order 
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to make internal modifications possible, when required. A different 
kind of wick-bonding technique was obviously necessary. A s  regular 
rubber cement used in the previous attempt broke down under elevated 
temperature, it seemed logical to use a similar compound with a 
higher temperature limit for this purpose. A silicon rubber, Dow 
Corning RTV-140, was selected for this purpose. 

A simulator was designed, made of Plexiglass and aluminum, as 
shown in Figure 19. It consisted of a Plexiglass body which pro- 
vided the cylindrical sidewalls and the separating wall dividing 
the cavity into two chambers. Two aluminum plates closed off the 
top and bottom. Two Viton O-rings were used to seal the aluminum 
plates against the Plexiglass body. 
the use of two Plexiglass retaining rings and 24 retaining bolts. 

The device was assembled by 

The dividing wall contained two holes. One could be opened 
and closed by a steel valve which could be operated from the outside 
by a permanent magnet. A short, stainless steel tube was bonded 
into the other hole through which a r o l l  of wick interconnected 
the two flat wicks on the inside faces of the two aluminum plates. 
The device was instrumented with thermocouples on the outside of the 
aluminum plates and at the surfaces of the wicks. It was installed 
on the top of a copper block heat sink, which had tubes soldered to 
it, for chilled water circulation. An evacuation and fill tube 
connected into the lower of the two chambers of the device. An 
electric resistance heater was bonded to the top surface of one of 
the two aluminum plates. 

Tests performed with this device were again completely un- 
successful. No significant difference in temperature difference 
was achieved, whether the vapor transfer valve was open or closed. 
When tests were consistently unsuccessful, the device was dis- 
assembled. It was found that the wicks which had been bonded with 
silicon rubber RTV-140, had become completely water-repellant . 
These wicks had been tested and performed perfectly prior to assembly 
of the device. 
molecular weight silicon oils which had been absorbed into the 
capillaries of the wicks. 

It was concluded that the RTV-140 had released low- 

It was at this point in time that it became apparent that 
bonding of wicks to a solid substrate was a major problem for the 
development of a variable conductance space suit shell incorporating 
heat pipes. The decision was made to discontinue for a limited time 
the efforts of developing the variable thermal conductance simulator 
and to explore a variety of wick-bonding techniques and their behavior 
in the presence of low-pressure water or methyl alcohol, in the vapor 
and liquid phase and with exclusion of noncondensible gases. These 
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t e s t s  were performed a t  room temperature and elevated temperatures. 
A report  on t h i s  phase of the  program appears i n  the "Material 
Research Report-First Year, 
September 1967, prepared under the same contract .  

TRW Systems No. 06462-6003-RO00, 

After an extended period of research a c t i v i t i e s  i n  techniques 
of bonding wicks t o  s o l i d  substrates,  one technique was found t o  
be adequate f o r  the durations and temperature ranges of these tests.  
On the bas i s  of experience with the  previous device the design of 
the  simulation device w a s  fur ther  modified t o  the configuration 
shown i n  Figure 20. 

The new device used two vapor valves i n  order t o  be able t o  
study the e f f e c t  of the cross sect ion of the vapor flow passage on 
heat t ranspor t .  
which permitted placing the whole assembly i n t o  a vacuum chamber 
and use ofref lec t ive- type  vacuum insulat ion t o  approach an adiabat ic  
condition. Heat seal ing with polyester-coated mylar sheets as 
described i n  the chapter on Wick Bonding, w a s  used t o  bond the wicks 
t o  the metal p l a t e s .  The heat input p la te  was made of copper t o  
permit soldering on of the bellows chambers while, f o r  the heat re-  
jec t ion  p la te ,  aluminum was maintained as mater ia l .  Figure 21 i s  a 
photograph of the  major components of the device p r i o r  t o  assembly. 

The valves were pneumatically remote operated, 

The device was instrumented with thermocouples as shown i n  
Figure 20. The thermocouples No. 2 and No. 5, located on the  heat 
input and heat removal p l a t e  were attached by mechanical peening 
a f t e r  the junction w a s  soldered. Thermocouples No. 3 and No. 4 
were intended t o  read the temperature a t  the liquid-vapor in te r face  
on the surface of the  wicks. This required t h a t  the  junctions be 
held firmly against  the surfaces of the two wicks and t h a t  other  
sources of heat flow t o  the  thermocouples be eliminated as far as 
possible.  It i s  recal led t h a t  the  techniques used f o r  attachment 
of the thermocouples t o  wick surfaces on the t e s t s  f o r  "Evaporation 
From Wick Surfaces" had been unsuccessful. The thermocouples on 
the  new device were supported by the  Plexiglass body. Holes were 
d r i l l e d  i n t o  the  s ide of the  Plexiglass body and s t i f f ,  16 gauge 
copper and Constantan wire was f i t t e d  in to  these holes and sealed 
with "Torrsealtt (made by Varian Assoc.). The wires were brought 
together with a V-shaped junction and bent i n  such a way t h a t  the  
junction and approximately 5 mm of the  leads were pressed against  
the wick surface by spring action of the wires. The 5 mm extra 
contact of the  wire leads with the wick surfaces provided improved 
heat t r a n s f e r  from the liquid-vapor interface on the  wick and re-  
duced e r r o r s  resu l t ing  from thermocouple lead heat conductance. Care 
w a s  taken t h a t  thermocouples No. 2 and 5 would not be i n  contact with 
the heater  o r  the heat sink block. Leads were kept away, or thermally 
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insulated from external heat sources or heat sinks. 

Thermocouple No. 1, located directly on the heater served only 
for the purpose to monitor the heater temperature in order to protect 
against damage by overheating. 
installed near the outside face of the aluminum foil insulation 
facing the heater, to Provide an indication of the effectiveness of the 
thermal insulation. 

Another thermocouple (not shown) was 

The device was prepared for evacuation and filling by putting a 
tee onto the fill tube and connecting one branch of the tee to a 
diffusion pump and the other branch to a titration tube. Valves were 
installed such that flow could be routed from the interior of the 
device to the diffusion pump or that water from the titration tube 
would flow into the device. The device was evacuated and outgassed 
and distilled water was then supplied in enough quantity to saturate 
all the wicks. The fill and evacuation tube was then closed off 
with a pinching tool. 

The copper block with the soldered on tubes for circulation of 
High thermal conductivity chilled water was used as the heat sink. 

silicon grease, Dow Corning No. 340, provided improved heat transfer 
between the heat sink block and the heat rejection surface of the 
device. 
with 20 layers of aluminum foil and the bell jar evacuated to 10- 
torr. Various power inputs were provided to the electric heater. 
The temperature signals of the thermocouples were recorded by a Bristol 
multi-channel recorder. Good results were recorded on the first test 
run. 
difference of 3OC between the surfaces of the two wicks2was recorded 
at a power input of 69 watts (equivalent to 8500 watt/m 
area). 

The device was installed in the vacuum bell jar, insulatgd 

With both vapor transfer valves open, a steady state temperature 

of wick 

This result could not be repeated the next day. Performance of 
the device deteriorated during the following days. Measurement 
errors, thermocouple separation and other causes were suspected 
and checks performed to verify the integrity of the experimental 
arrangement and equipment. Every possible precaution was taken to 
eliminate suspected causes for the nonrepeatability of the results. 
The device was several times disassembled for internal inspection. 
Wick performance, thermocouple location, thermocouple electrical 
integrity and freedom of the vapor flow passages from obstructions 
were checked. Masspectrometer-helium leak checks, after reassembly, 
where performed. Evacuation was combined with heat addition (bake 
out) to free the cavities of absorbed noncondensible gases. Vacuum 
and/or heat was applied to the water, used for charging of the 
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simulator f o r  extended periods o f  time i n  order t o  make sure t h a t  
dissolved a i r  would be expelled from the  water. Yet, the r e s u l t s  
of these t e s t s  were e r r a t i c  and generally unsat isfactory.  
observations made l e d  more and more t o  the conclusion t h a t ,  i n  s p i t e  
o f  a l l  precautions taken, noncondensible gases must be present within 
the  c a v i t i e s  of the  device. A fur ther  modification was  then made 
i n  order t o  verif'y t h i s  theory.  
l i n e s )  i n  Figure 20 was inserted i n t o  the lower cavi ty  of the 
device. The t e s t  set-up w a s  modified as shown i n  Figures 22, 23, 
and 24. 

The 

A second tube, as shown ( i n  phantom 

Figure 22 shows a view of the device placed i n  t h e  vacuum chamber 
p r i o r  t o  insulat ion.  
mental arrangement, including instrumentation, recorder and other  
accessories.  
and the newly added evacuation tube. A connection from t h e  f i l l  
tube t o  the t i t r a t i o n  tube and a storage b o t t l e  with d i s t i l l e d  
w a t e r  w a s  maintained during the experiment. Both,the top  of the  
t i t r a t i o n  tube and the  d i s t i l l e d  water b o t t l e  were connected v i a  
a cold t r a p  t o  a vacuum pump f o r  degassing of the  water. The 
evacuation tube could be a l te rna te ly  connected t o  the  rough vacuum 
pump v ia  the cold t r a p  or t o  a diffusion pump, which could provide a 
hard vacuum. Other accesories shown i n  Figure 24 include a source 
of nitrogen for pressurizat ion and connections t o  t h e  vacuum pump 
f o r  evacuation of the  bellows chambers which operated the  vapor 
t r a n s f e r  valves. An ice-water bath with a submerged pump supplied 
c h i l l e d  water t o  the copper block heat sink. 

Figure 23 shows an overal l  view of the experi- 

A s  Figure 24 shows, valves were inser ted  i n t o  the  f i l l  

This arrangement permitted venting and addition of working f l u i d  
during the operation of the uni t .  It was i n i t i a l l y  assumed t h a t  
venting during operation would cause s igni f icant  losses  of water 
vapor and t h a t  working f l u i d  would have t o  be added every time the  
u n i t  w a s  vented. It w a s  found l a t e r  t h a t  t h i s  water addition w a s  not 
necessary every time venting took place.  

I n i t i a l  experimentation was performed a t  room atmosphere, with 
the  b e l l  jar raised and without thermal insulat ion.  
purposes, the  water f i l l  l i n e  w a s  l e f t  disconnected and the  water 
f i l l  valve adjusted t o  permit admission of a t race  amount of room 
air  i n t o  the device. After an overnight shut down, temperature 
differences between thermocouples No. 3 and 4 of 25OC were recorded 
when power and c h i l l e d  water were applied. 
vent valve f o r  about 2 seconds resu l ted  i n  an immediate response. 
The temperatures recorded by thermocouples 3 and 4 approached each 
other  t o  within l e s s  than l0C. 
t e r i o r a t e d  over a period of approximately 5 t o  6 minutes t o  a tem- 
perature difference of about three (3)  degrees a t  which time 

For experimental 

Momentary opening of the  

This good performance then de- 
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F-gure 22 CLOSE-UP VIEW OF VARIABLE THETiMAL 
CONDUCTANCE SPACE S U I T  SHELL SIMULATOR 
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Figure 23 VIEW OF TEST ARRANGEMENT FOR VARIABLE 
THERMAL CONDUCTANCE SUIT SHELL SIMULATOR 
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momentary opening and closing of the vent valve immediately restored 
the less than l0C temperature difference. 

Tests performed with a small amount of noncondensible gases in 
the device also demonstrated that it would still operate as a heat 
pipe, but one of very low efficiency. 
in the cavity to result in a temperature difference between thermo- 
couples No. 3 and 4 of 15'C, temperature difference was insensitive to 
heat input level and essentially constant when heat input was in- 
creased from 1.5 to 45 watts. 

With enough noncondensible gas 

This experimentation established that noncondensible gases 
within the cavities of the simulation device had been responsible 
for the previously experienced difficulties. It was also observed 
that either very little water vapor was lost in the process of 
venting or that the device was relatively insensitive to the amount 
of working fluid. 

The test arrangement was then completed for performance testing. 
The vent valve, which had been originally manually operated, was 
replaced by a solenoid valve which could be operated from the outside 
of the bell jar. 
of crinkled aluminum foil. 
outermost and the second layer of the insulation, facing the electric 
resistance heater. Readings from this thermocouple were used to 
verify that the insulation provided adequate protection against heat 
losses and that a nearly adiabatic condition was maintained. Data 
taking tests were then performed with the bell jar evacuated 6 to 10- torr. 

Insulation was applied, consisting of 20 layers 
A thermocouple was placed between the 

During these tests, data were recorded for the temperature of the 
liquid vapor interfaces on the wicks and the heat input and heat 
rejection plate, as represented by the temperature readings of 
thermocouples 3 and 4,and 2 and 5 respectively. Several levels of 
power input were used. The vapor valves were opened and closed and 
the response time vs. temperature readings recorded. 

The results of these tests are summarized and presented in 
Figures 25 and 26. 
temperature difference between the surfaces of the wicks (thermocouples 
No. 3 and 4) from heat flow. 
with increased power input between the external surfaces (themo- 
couples No. 2 and 5) is obviously due to the conductive resistance 
from the outside surfaces to the liquid-vapor interface on the wicks. 
This is indicated by the increase of the temperature difference be- 
tween thermocouples No. 2 and 3 and 4 and 5. 
heat conduction from the outside surfaces to the surfaces of the 

Figure 25 shows a near independence of the 

The increasing temperature difference 

As the resistance to 
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wicks i s  constant, the  temperature difference must be proportional 
t o  heat flow. 

The response t o  the opening and closing of the  valves shown i n  
Figure 26 i s  almost immediate. 
between operation o r  response with one or two vapor valves. The 
increase i n  temperature difference with time with closed vapor 
valves i s  due t o  s tor ing  o f  heat within the device, because of the  
nearly adiabat ic  condition of the system. With the  valves closed, 
heat t r a n s f e r  across the device from the resis tance heater  t o  the  
heat sink block i s  so low, that  a continuous temperature r i s e  on 
the  heater  s ide must occur. It should be noted t h a t  with the vapor 
valves closed, the  temperature on the heat input s ide increases 
dras t ica l ly ,  while the cold side temperature hardly changes. That 
the heat flow across the  device i s  d r a s t i c a l l y  reduced i s  a l so  apparent 
from the very small temperature differences between thermocouples 
No. 2 and 3 and thermocouples No. 4 and 5. A s  these thermocouple 
locat ions are  separated by a constant thermal res is tance and 
temperature difference i s  proportional t o  heat flow, the  small 
temperature difference demonstrates t h a t  only very s m a l l  heat flow 
takes place,  

No difference could be observed 

The r e s u l t s  of t h i s  series of t e s t s  confirm t h a t  the concept 
of a variable conductance heat pipe i s  correct  and sound. It w a s  
proven t h a t  the presence o f  noncondensible gases i n  t h i s  or any 
other  heat pipe i s  a c r i t i c a l  detriment t o  proper heat pipe function. 
It was demonstrated t h a t  noncondensible gases were present i n  the 
device and the cause of unsuccessful operation. 

The source and the nature of these noncondensible gases has 
not been establ ished a t  t h i s  time. 
sources are  the construction materials of the  simulating device 
i t s e l f .  The extreme care which had been taken t o  prevent leakage 
i n t o  the device and t o  outgas the  working f l u i d  makes presence of 
a i r  i n  the device a l e s s  l ike ly  candidate. A preliminary t e s t  on 
outgassing of Plexiglass seems t o  confirm t h i s  assumption. This t e s t  
i s  described i n  the "Materials Research Report-First Year" TRW 
Systems, No. 06462-6003-ROO0, September, 1967, prepared under the 
sane contract .  

The most l i k e l y  poten t ia l  
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DESIGN AND DEVELOPMENT OF THE 

VARIABLE CONDUCTANCE SPACE SUIT PANEL PROTOTYPE 

A prototype panel assembly e s sen t i a l ly  conforming with the 
schematic cross sect ion of the  variable conductance space s u i t  s h e l l  
shown i n  Figure 7 was designed and fabricated.  I n  order t o  be able 
t o  fabr ica te  t h i s  panel assembly it w a s  necessary t o  develop techniques 
f o r  the  fabr ica t ion  of a f iberglass  pressure s h e l l  with in t eg ra l  heat 
pipes and a f iberg lass  two-chamber heat pipe.  
wicks t o  the  i n t e r i o r  surfaces of  the  pressure s h e l l  had t o  be re- 
solved. 
corporating thermal insu la t ion  had t o  be generated. 

Problems of a t taching 

A concept f o r  the design of a two-chamber heat pipe, in -  

Development of the Heat Pipe Pressure Shel l  

A s  previously,discussed i n  t h i s  report ,  t he  pressure s h e l l  was 
t o  be modified such as t o  provide high thermal conductance by l i n ing  
a l l  i n t e r i o r  cavi ty  surfaces with wicks, which when soaked with water 
would make these cav i t i e s  function as heat pipes.  

A technique f o r  fabr icat ion of a pressure s h e l l  with a l l  i n t e rna l  
surfaces l i ned  with Refrasil wick material i s  described i n  d e t a i l  i n  
the  "Materials Research Report-First Year", TRW Systems No. 06462- 
6003-~000, September 1967, prepared under the  same contract .  
Summarizing the  fabr ica t ion  technique, it s h a l l  only be s t a t ed  here t h a t  
it w a s  impractical  t o  i n se r t  and a t t ach  wicks in to  the  small and long 
tubular  channels af ter  fabricat ion of the f iberg lass  panels. 
the  tubular  channels a re  b u i l t  up around removable t e f l o n  mandrels 
beginning with the  wick, followed by layers  of polyester-coated 
mylar and f iberg lass .  The wick-lined tubes so fabricated are then 
assembled between two layers  of f iberg lass  sheets and the whole 
assembly bonded by heat and pressure. 

Instead, 

Figure 27 shows i n  the center a sample of t he  f iberg lass  pressure 
s h e l l  o r ig ina l ly  proposed by the NASA/Ames Research Center. 
t he  l e f t  s ide i s  a view of t he  modified pressure s h e l l  with wicks in-  
cluded in to  t rapezoidal  tubular cav i t i e s .  

On 

In  order t o  ver i fy  the e f fec t  of the use of the in t e rna l  cav i t i e s  
as heat pipes, a sample section of t h i s  panel w a s  closed of f  on the 
edges and a tube f o r  f i l l i n g  and evacuation bonded t o  it. The heat 
pipe panel thereby formed w a s  evacuated and a measured amount of water 
added t o  sa tura te  the  wicks. A heater  w a s  at tached t o  one of the  
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externa l  surfaces.  
contact with a water-cooled copper block. 
Dow Corning #$to, w a s  used for improved thermal contact .  
were attached t o  the  external  surfaces. 
i n  a vacuum b e l l  jar  a t  10-6 t o r r  and 20 layers  of crinkled aluminum 
f o i l  f o r  insulat ion.  
e l e c t r i c  heater  and the resul t ing temperatures recorded. 

The o ther  external surface w a s  brought i n t o  
Si l icon grease 

Thermocouples 
The t e s t s  were performed 

Various levels  of power were applied t o  the  

The panel w a s  then removed, t he  evacuation tube opened up and 
the  water used as working f l u i d  permitted t o  evaporate. 
w a s  then repeated with the  f i l l  tube open t o  the vacuum of the  b e l l  
jar. 
t w o  surfaces recorded. 

The tes t  

The same power inputs were used and the temperatures on the 

The data  so  obtained provided a comparison of the temperature 
gradients  obtained with the  panel working as a heat pipe or with the  
thermal conductance of  the  panel s t ruc ture  providing heat t r ans fe r .  
The r e su l t s  of these t e s t s  a r e  plot ted on Figure 28. 
improvement of heat t r ans fe r  resulted from the  heat pipe action, 
although the e f f e c t s  are l e s s  dras t ic  than those obtained with the 
pressure panel simulator heat pipe shown on Figure 17. Obviously, 
the f iberg lass  construction r e su l t s  i n  higher conductance resis- 
tance on the heat input and heat removal s ide of the  panel, when 
compared with the aluminum pla tes  used on the simulator. This 
res is tance i s  constant and the  e f f ec t  of change i n  res is tance across 
the  in t e rna l  cav i t i e s  i s  therefore l e s s  pronounced. 

Signif icant  

Development of the Variable Conductance Space Sui t  She l l  

The functional f e a s i b i l i t y  of the variable conductance space 
s u i t  s h e l l  w a s  demonstrated with the  help of the simulation device, 
described i n  the preceding chapter. This simulation device 
demonstrated t h a t  heat flow could be stopped or promoted by closing o r  
opening of vapor valves i n  a two-chamber heat pipe. 

The concept of the variable conductance space s u i t  s h e l l  i s  t h a t  
of a two-chamber heat pipe, with both chambers separated by a thermal 
insu la t ing  l aye r .  
by heat  pipe function through a l i m i t e d  number of tubular  connections 
penetrat ing through the insulat ion layer  and providing vapor flow 
passages and wick passages between the two chambers. 

Heat transport  between the  two chambers would be 

The geometry of a space s u i t  requires t h a t  the  two chambers be i n  
the  shape of f la t ,  large,  hollow panels. These f l a t  and hollow 
panels must be designed t o  permit evacuation, as necessary f o r  removal 
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of noncondensible gases, without collapsing. The operating pressure 
within these chambers w i l l  be very low, f o r  example, with methyl 
alcohol as a working f l u i d ,  only 29.6 mm a t  O°C. While these panels 
during extravehicular a c t i v i t i e s  would not be exposed t o  ex terna l  
pressures,  they a r e  required t o  withstand sea l e v e l  and space c r a f t  
cabin pressure during storage and check out .  

In  the  outer  s u i t  surface heat diffusion p a r a l l e l  t o  the s u i t  
surface by heat pipe function i s  required f o r  temperature equal izat ion 
between i r rad ia ted  and non-irradiated sections of the  space s u i t  
s h e l l .  
the  pressure s h e l l  of the space s u i t  which r e s u l t  i n  p a r a l l e l  
tubular  cavi t ies ,  Droviding l a t e r a l  heat flow predominantly 
i n  the d i rec t ion  of the tubes.  

This precludes the use of t h e  corrugated reenforcements used f o r  

A concept w a s  generated t o  construct the  panels f o r  the  two 
chambers of the variable conductance space s u i t  s h e l l  of two p a r a l l e l  
sheets  separated by equally spaced supporting columns. 
on r i g h t  of Figure 27). 
between support points .  Several experimental samples of such panels 
were fabricated.  After a reasonable learning perioi! i n  assembly of 
panels and l i n i n g  t h e i r  inside surfaces with wicks, a sample panel 
with a t r iangular  arrangement of columns spaced 30 mm on centers  
w a s  se lected f o r  vacuum t e s t i n g .  It w a s  equipped with Refras i l  wicks 
bonded t o  the i n t e r n a l  surfaces.  A sect ion of 150 mm by 90 mm was 
sealed on a l l  edges with f iberg lass  s t r i p s  and a copper tube f o r  
evacuation bonded t o  it. The panel w a s  then connected t o  a diffusion 
pump and evacuated t o  t o r r .  While s l i g h t  inward bulging between 
t h e  columns could be observed, it withstood normal atmosphere 
pressure without collapsing, leaking, or wick separation. This concept 
was ,  therefore,  selected f o r  prototype fabr ica t ion  of a s u i t  panel. 

(See panel 
These columns would reduce the f r e e  span 

Two panels of t h i s  type, l ined with wicks on a l l  i n t e r n a l  sur- 
faces,  separated by thermal insulat ion and interconnected with wick 
passages and vapor flow passages w i l l  represent the var iable  thermal 
conductance heat pipe for the  space s u i t .  

The d e t a i l s  of fabr ica t ion  and assembly of the various s u i t  
s h e l l  panels a r e  described i n  the "Materials Research Report-First 
Year", TRW Systems No. 06462-6003-RO00, September, 1967. 

Figure 2 9  shows a photograph of a complete variable thermal 
conductance space s u i t  s h e l l  prototype panel which has been fabricated 
f o r  purposes of thermodynamic tes t ing .  This prototype panel conforms 





i n  i t s  i n t e r n a l  arrangement essentially t o  the Cross  sect ion shown 
i n  Figure 7. The only exception is  t h a t  the  bellows f o r  operation 
of the control  valves a r e  located external ly .  

Some devices required f o r  the performance of the  experiment have 
been added t o  the panel. The horseshoe shaped device on top  of the 
panel i s  a heat exchanger through which c h i l l e d  water w i l l  be c i r -  
culated during t e s t s  f o r  simulation of heat re jec t ion  from the 
ex terna l  s u i t  surface by radiation t o  space. The black rectangular 
a rea  i s  an e l e c t r i c a l  res is tance heater,  bonded t o  the surface f o r  
simulation of external  rad ia t ive  heat inputs .  Another res is tance 
hea ter  on the underside of the panel and not v i s i b l e  i n  the  p ic ture  
w i l l  simulate metabolic heat input from the human skin.  The dark 
circumferential  l i n e  i s  the  gap f o r  thermal insu la t ion  between the 
two chambers of the heat pipe. The horizontal  tubes a r e  f i l l  and 
vent tubes.  Those not necessary w i l l  be cut and sealed.  The four  
v e r t i c a l  tubes a r e  f o r  i n l e t  and o u t l e t  of c h i l l e d  water t o  the 
heat exchanger used as heat sink. 

The prototype i s  designed for evaluation of heat flow r a t e  with 
valves open or closed as well as l a t e r a l  temperature equalization 
i n  the external  chamber of the two chamber heat pipe.  

N C  OMMENDATIONS 

The a c t i v i t i e s  described i n  t h i s  report  have demonstrated 
funct ional  f e a s i b i l i t y  and prac t icabi l i ty  of fabr ica t ion  of  the 
var iable  thermal conductance space s u i t  s h e l l .  Promising p o s s i b i l i t i e s  
e x i s t ,  therefore,  for the  development of extravehicular space s u i t s  
which take advantage of radiation from the external  s u i t  surface as the 
major method of metabolic heat re jec t ion .  Further a c t i v i t i e s  a r e  re- 
commended, which include the following major areas  of research: 

0 The sources of noncondensible gases which have caused 
so much d i f f i c u l t y  in  performance of experimentation 
s h a l l  be ident i f ied  and eliminated. 

0 Techniques f o r  t ransfer  of body heat from the human 
skin i n t o  the variable conductance space s u i t  s h e l l  
s h a l l  be investigated.  

0 The p o s s i b i l i t i e s  for improvement of conductive heat 
t r a n s f e r  from the outer surfaces of the space s u i t  
s h e l l  heat pipes t o  the  liquid-vapor in te r faces  a t  the 
wick surfaces s h a l l  be investigated.  
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0 The se lec t ion  of working f l u i d s  s h a l l  be reviewed. 
Preferably water should be used as the  only working 
f l u i d  i n  a space s u i t .  This w i l l  require development 
of f reeze preventing techniques. 

0 An improved concept of the thermal control  space s u i t  
s h e l l  s h a l l  be developed. This s h e l l  s h a l l  be of  l e s s  
complexity and s h a l l  incorporate passive humidity 
control  and possibly means of auxi l ia ry  heat re jec t ion .  
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